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Abstract and outline

In recent times, a twofold trend is taking hold: on the one hand, the ethical, environmental and economic
need to manage wastes and by-products originating from the food supply chain differently and better, and
on the other hand the will of consumers to direct their choices toward healthier foods. An intelligent and
logical consequence for meeting both needs is the reuse of dietary fibre from unexplored and undervalued
biomasses. When it comes to isolating dietary fibre, there are several extraction methods that may be more
or less suitable depending on the matrix considered, and that may have as a consequence an impact on
dietary fibre’s chemical structure, with the latter which in turn is closely related to the techno/bio-functional
properties. This Ph.D. thesis explores the feasibility of reusing dietary fibre from various matrices by
employing different approaches, in terms of extraction, characterization, enzymatic modification, evaluation
of functional properties, and investigation of the chemical compounds inevitably produced during certain
extraction methods.

Chapter 1 gives a general overview of dietary fibre, briefly describing some of the most common types and
their chemical structures, covering the main extraction methods, the use of enzymes to modify their
structure, and the most popular analytical techniques for determining structural information on extracts and
hydrolysates. The limitations that all these processes still have are here critically discussed, analysing what
will be necessary to be done in the future steps. In particular, a special focus is made on lignocellulosic
materials and xylo-oligosaccharides (XOS), which are topics particularly central to this thesis.

Chapters 2 and 3 deal with the mild enzymatic assisted extraction and characterization of two types of dietary
fibre from very different sources, namely bacterial culture broths and fruit wastes, respectively. Chapter 2,
in particular, concerns the use of an official method for dietary fibre quantification (AOAC 991.43) that has
been here adapted for the extraction of bacterial exopolysaccharides (EPS), namely from Lactobacillus strains
previously isolated from food products. The method is proposed as a universal methodology for the isolation
and purification of EPS from complex matrices, allowing the detailed characterization of their molecular
structure, extremely variable depending on both the strain and the substrate. Chapter 3 used a similar
approach, namely, isolating dietary fibre through a protease-based enzymatic assisted extraction on kernels,
seeds, and peels derived from fruits. The purpose was to evaluate whether it was possible, under mild
conditions in terms of temperature and pH, to extract at the same time not only a mixture of proteins and
peptides, but also a fraction of soluble fibre. The results showed, for some by-products, high extraction yields
for both protein and soluble fibres, suggesting the possibility to integrate the recovery of these important
plant components. Molecular characterization of isolated fibre showed in most cases the presence of
arabinogalactans, with potential technological applications.

Chapters 4 and 5 focused on hydrothermal treatment, a harsh extraction method needed to extract
hemicellulose from lignocellulosic biomasses, studying in detail its effects on hazelnut shells’ fibre
composition. Chapter 4 deals with the evaluation of three analytical techniques, namely *H NMR, GC-MS,
and UHPLC-IM-Q-TOF-MS, to investigate the wide range of degradation compounds, mostly still unknown,
that originate following such thermal treatment. NMR analysis identified the main chemical classes present,
allowing their quantification. GC-MS detected in more detail the presence of small molecules, while the LC
method coupled with ion mobility separation allowed to identify more than 200 compounds belonging to
numerous different chemical classes, becoming a candidate as one of the most dominant techniques in the
near future for a comprehensive characterization of these extracts. In Chapter 5, the impact of temperature
in hydrothermal treatments was evaluated both on the fibre extracted from hazelnut shells and on the
pattern of degradation compounds. It was found that lower temperatures yield high molecular weight pectin,
while when they get higher xylans and xylo-oligosaccharides gradually become predominant, suggesting the
potential for a fractionation approach by means of consecutive treatments. In addition, the formation of
degradation compounds was investigated, showing how the total number of molecules is generally positively
correlated with temperature, but also how a strong variability occurs at different temperatures in terms of
type of compounds belonging to different chemical classes.
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Abstract and outline

Chapters 6 and 7 have in common the focus on the enzymatic hydrolysis of xylans, one of the main types of
hemicellulose, for the production of XOS. In Chapter 6, in particular, the modelling of this enzymatic
hydrolysis was studied by using commercial acetylated xylan as substrates and different enzymes, namely,
endo-xylanase and acetylxylan esterase, and evaluating through the application of a Design of Experiments
how hydrolysis parameters could influence the product outcome in terms of the degree of polymerization
(DP). XOS with DP 2-6 were always present, but some experiments led to mixtures with higher DP, up to 10,
expanding the possibility to test specific bioactivities related to the degree of polymerization. The method
was also tested on acetylated xylan previously extracted from grape stalks, suggesting the feasibility of the
approach even on non-pure agro-industrial samples. Chapter 7 exploited the results of the previous one for
the production of XOS mixtures having variegate structures, in terms of DP and degree of acetylation.
Tangential ultrafiltration was here performed together with the xylanolytic hydrolysis, enhancing the
conversion yield of xylan into XOS, while a purification by preparative gel permeation chromatography
allowed to obtain for the first time a highly pure mixture of XOS having DP 6-9. The various XOS mixtures
were subsequently tested in terms of in-vitro antioxidant activity and prebiotic properties by testing
Lactobacillus brevis and Escherichia coli strains. The results showed a clear influence of XOS’ chemical
structure in both tests, suggesting that a higher DP and low substitution degree could have improved
functionalities in many cases.

Finally, the relevance of this research and its implication for future applications is discussed in Chapter 8.






CHAPTER 1

General introduction

Part of this chapter has also been published as:

Andrea Fuso, Davide Risso, Ginevra Rosso, Franco Rosso, Federica Manini, lleana Manera, Augusta Caligiani
(2021). Potential valorization of hazelnut shells through extraction, purification and structural
characterization of prebiotic compounds: A critical review. Foods, 10(6), 1197.
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Chapter 1

1.1. Dietary fibre: definition and classification

Dietary fibre has been defined in many different ways throughout history. Botanists, chemists or consumers
can intend dietary fibre differently, but nowadays the most commonly used definition is from Trowell, who
defined it as “the skeletal of plant cells which resists to hydrolysis (digestion) by enzymes of men” [1]. From
a chemical point of view, the term “dietary fibre” includes in its definition a mixture of complex molecules,
mainly polysaccharides such as cellulose, hemicellulose, oligosaccharides, inulin, pectin, gums and mucilages,
but also the non-carbohydrate lignin [2]. Many classifications of dietary fibres have been proposed over the
years, for instance according to their sources, composition, fermentability or physiological effects. The most
common one concerns their distinction in soluble and insoluble fibres, based on their capacity to form or not
a dispersion when added to water [3]. Among soluble fibres one can commonly find pectin, inulin, gums and
mucilages, while cellulose, hemicellulose and lignin are generally classified as insoluble [4,5]. Actually, it is
important to specify that the solubility of a certain type of fibre may be quite variable [6]: indeed, each of
these molecules includes in its definition a wide range of chemical structures, for instance in terms of
monosaccharide composition, configuration of glycosidic bonds, molecular weight and side chains. Regarding
the matter of solubility, for example, on the one hand there are some clear examples of soluble and insoluble
fibres, such as low molecular weight oligosaccharides and lignocellulose, respectively, but on the other hand
some fibres can exhibit variability in this feature. Hemicellulose, for example, is a category including different
types of polysaccharides, namely xylans, xyloglucans, mannans, glucomannans, B-glucans and others [7,8],
and they can be either soluble or insoluble depending on various features (eg, substituents along the main
chain, intermolecular cross-links) [9]. Despite this variability in the structures, some of the main features of

the most common dietary fibres are briefly summarized and listed in Table 1.1.
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Chapter 1

Table 1.1: Main chemical structure features of some of the principal dietary fibres. “glu” = glucose; “xyl”= xylose;
“man” = mannose; “gal” = galactose; “fru” = fructose; “fuc” = fucose; “ara” = arabinose; “rha” = rhamnose; “rib” =
ribose; “gluAc” = glucuronic acid; “galAc” = galacturonic acid; “ag” = acetyl group; “cou” = p-coumaryl alcohol; “con” =
coniferyl alcohol; “syn” = sinapyl alcohol.

Main chain’s

Degree of

Main monomers glycosidic bond Side chain ponn;;r:;ation Reference
ara, glu, rha,
Pectin galAc o-1,4 gal, man, xyl, 150 -500 [10,11]
rib, fuc, ag
Inulin fru (+ terminal B-2,1 - 11-60 [12]
glu)
Arabinogalactan gal B-1,4/B-1,3/B-1,6 ara 40 - 600 [13]
Mw 1440-
Lignin cou, con, syn - - 78400 Dg [14]
Cellulose glu B-1,4 - 10000 - 15000 [15,16]
Hemicelluloses
Xyloglucan glu B-1,4 xyl, gal, fuc, ag 300 - 3000 [8,17]
B-glucan glu B-1,4;B-1,3 - 360 — 16000 [8,18]
Xylan xyl B-1,4 gluAc, ag 70-200 [8,19]
Arabinoxylan xyl B-1,4 ara 30- 280 [20]
Mannan man B-1,4 - 20 - 10000 [21]
Galactomannan man B-1,4 gal, ag average 1700 [8,22]
Glucomannan man, glu B-1,4 - 1000 — 10000 [8,23]
Galactoglucomannan man, glu B-1,4 gal 40 - 100 [8,24]
Oligosaccharides
FOS fru B-2,1 - 3-10
GOS gal (+gt|ir)m|nal B 1,13{1['361,3 / i 5-10
XO0S xyl B-1,4 gluAc, ag 3-20 [25,26]
AXOS xyl B-1,4 ara, gluAc, ag 2-40
IMOS glu a-1,6 - 10-60
MOS man B-1,4 - 2-4

As can be seen from the table, most of the indigestible polysaccharides commonly found in nature present a
main backbone containing various monomers linked to each other through B-1,4 glycosidic bonds. These
backbones often show side chains which are bound to the main chain through different glycosidic linkages
and make the polysaccharide to result in more or less extended branched structures. Neutral
monosaccharides are most commonly found within the side chains, but other substituents such as uronic
sugars, acetyl groups and even phenylpropenoic acids may also be present [26]. The degree of polymerization
of dietary fibres can be enormously variable, depending on the type of fibre, the source it is obtained from,

and the extraction method.
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Chapter 1

Apart from the fibres listed in Table 1.1, others from non-vegetable origin are also catching attention, such
as chitin, chitosan and microbial polysaccharides. The former two are mainly present in crustaceans but even
in insects [27] and are composed of glucosamine and N-acetyl glucosamine monomers, bound together with
B-1-4-glycosidic bonds [28], while the last can be produced by many different bacterial strains, and especially
those produced by lactic acid bacteria have the potential to be used in the food supply chain. They are called
exopolysaccharides or extracellular polymeric substances (EPS) and their chemical structure can be

diversified depending on the strains and the environment the latter grow in [29].

In general, it is important to underline how this information about dietary fibre’s structures has just to be
considered as a general guidance, and that every type of fibre can be obtained from different sources with

different methods, leading to even more variable chemical structures.

1.2. Extraction of dietary fibre

The first step for the obtainment of dietary fibres is obviously their extraction. Recently, several studies have
focused their work on the development of a method to optimize the extraction yield starting from different
matrices. Different chemical structures of raw materials and different process conditions may however affect
the composition, the structure and therefore the functional properties of the poly- or oligosaccharides
obtained [30], thus it is essential to evaluate case-by-case the best process conditions possible. Depending
on the type of fibre and on the starting material it is considered, many extraction methods have been

proposed over the years.

As discussed in Paragraph 1.1, the distinction of dietary fibres in soluble and insoluble is commonly taken
into account, but within the same classification fibres can differ greatly from one another, and thus no
common extraction method exists. For example, pectin is among the most interesting soluble
polysaccharides, and its valorization and reutilization has been studied for a long time. Pectin conventional
extraction methods generally include the use of mineral or organic acids, such as citric, sulphuric or acetic
acid, but even hydrochloric or nitric acid. Acid concentration is commonly around 0.5-2 M, temperatures
range between 80 and 100 °C and extraction times are around 60 minutes [31]. However, “hard” extractions
methods involving the use of acids, bases and high temperatures often lead to changes in the chemical
structure of fibres, thus impacting on their functional properties. If on the one hand these hard extractions
are necessary in order to get some fibres solubilised, as in the case of hemicelluloses from lignocellulosic
complexes, on the other hand other possibilities exist for more soluble polysaccharides, such as pectin or
other types of soluble fibres, in order to extract them as intact as possible. Among them, enzyme-assisted

extraction (EAE) is taking hold as one of the most employed techniques. It consists in using enzymes with
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various activities, either added alone or in mixtures, aiming to hydrolyse the matrix of the plant cell wall
releasing the compounds of interest into the external environment [32]. Generally, the plant cell wall is made
of cellulose, hemicellulose, lignin, pectin and starch [32], but their intermolecular interactions can be
different, making the whole structure more or less complex. For example, some polysaccharides similar to
hemicelluloses (i.e., some xylogulcans) can be solubilised with hot neutral water when they are not hydrogen-
bonded to cellulose, whereas others can be covalently bound to pectins, originating hybrid polysaccharides
[33]. For this reason, EAE exploits the action of different enzymes that are able to hydrolyse different cell
wall components: this method is efficient and sustanaible, but the extraction yields totally depend on which
enzymes one chooses to use. In this sense, cellulase is one of the most employed enzymes, since cellulose is
major portion of plant cell walls, but it is often accompanied by xylanase, ligninase, pectinase and amylase,
aiming to disrupt hemicellulose, lignin, pectin and starch, respectively [32]. EAE often showed an increase in
extraction yields compared to conventional processes and has the advantage that is used under low
temperatures, allowing a reduction of energy consumption. This technique has been used with good results
for extraction of many bioactive compounds in general, such as carotenoids [34], oils [35], and phenolics [36],
but also for polysaccharides, like starch [37], pectin [38,39] and other soluble fibres [40,41] from different
by-products. Despite this, this technique is still too much unexplored and needs further studies. Its drawbacks
are mainly related to the high costs of enzymes, even if some techniques, like the immobilization of enzymes

and their in-situ production by fermentation, are emerging tools to stem this problem.

Among the most difficult fibres to be extracted with good yields through the application of mild methods one
can surely found hemicellulose. The latter is recently gaining a lot of interest because of the high amounts of
available lignocellulosic by-products. Also in this case, there are different extraction methods which exploit
the use of chemicals: they involve acids, bases, ionic liquids, or organic solvents [42]. Despite this, the most
used methods on an industrial scale are the physico-chemical ones, mainly steam explosion and
hydrothermal treatment. The first consists in subjecting the matrix to heating by using pressurized steam
(150-300 °C, 1-5 MPa) for a few seconds or minutes; then, the reaction is stopped and there is an immediate
return to atmospheric pressure [42,43]. This method causes structural degradation of lignin, making
hemicellulose available for extraction. In particular, xylans (the most abundant hemicellulose
polysaccharides) are in part hydrolysed in xylo-oligosaccharides (XOS) and xylose by organic acids, such as
acetic acid, which in turn are formed due to the hydrolysis of functional groups (such as acetyl groups) linked
to xylans [44]; for this reason, this technique is also called “autohydrolysis”. Time of pre-treatment,
temperature, pH and moisture content are the parameters that most affect the efficiency of steam explosion
treatments [45,46]. This is an advantageous technique thanks to the non-use of chemicals with high
environmental impact and to the low energy costs [43]. An even more commonly used technique is
hydrothermal treatment. This is an operation in which the biomass is simply treated with water at high

temperature. Generally, temperatures varying between 160 and 220 °C are used, in combination with high
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Chapter 1

pressures for maintaining water at liquid state, for a period of 5-60 minutes [47]. This technique leads to the
hydrolysis of the hemicellulosic backbone, to its consequent depolymerization and therefore solubilization
in the form of smaller fragments. Here too, one can speak of autohydrolysis, because the hydrolysis of acetyl
groups along the backbone (with consequent acetic acid formation) is responsible for subsequent hydrolysis
of glycosidic bonds. At the end of the treatment, cellulose and lignin will instead be found in the solid phase
with few chemical modifications [30,48] and can be separated and reused for other applications in a
perspective of biorefinery [49]. When xylan-rich lignocellulosic biomasses are used, autohydrolysis conditions
(time and temperature) have a great influence on xylan depolymerization, therefore on the solubilization and
on the extraction yield. By increasing treatment severity, in fact, it is possible to obtain such a strong
hydrolysis that it can lead to xylan decomposition in xylose and its dehydration products [48]. Vice versa,
when lignocellulosic biomass is subjected to hydrothermal treatment in milder conditions, bigger fragments
are found in liquid phase [49]. To report an example, in the study conducted by Surek and Buyukkileci the
greater extraction yield from hazelnut shells was obtained through a hydrothermal treatment at 190 °C for 5
min. With these conditions, less than half of extracted XOS had a low degree of polymerization (DP 2-6), that
was desired; though, by increasing the temperature, a great extraction yield was obtained, but xylans were
mainly degraded to xylose, furfural, and acetic acid. Authors in this study have stressed that the time-
temperature combination is fundamental and should be studied on a case-by-case basis, also because holding
time does not have the same effect on the extraction yield at all temperatures. Hence, it is necessary to also
regulate autohydrolysis conditions in relation to desired DP [30]. In choosing the conditions of the process to
be applied, the substituents on the xylan backbone, like acetyl and uronic groups, must also be considered.
In fact, they have an influence on the solubility of XOS and their prebiotic effect [50] and therefore the
sensibility of different functional groups to autohydrolysis must also be assessed. Arabinose, an essential
constituent of arabino-xylooligosaccharides (AXOS), seems to degrade earlier than xylose [30], and acetyl
groups, if hydrolysed, can lead to the formation of acetic acid in solution with consequent lowering pH,
promoting further hydrolysis of xylan backbone [51]. Ultimately, there are many factors that may influence
the chemical composition of the raw material, such as genetics, growth area, or storage conditions [52], and
consequently also the autohydrolysis conditions must be regulated time after time. However, there is no
doubt that hydrothermal treatment is a very valuable method for the extraction of hemicellulose. Indeed,
this is a green technique, with relatively low costs and, unlike acid or alkaline based methods, it does not
require specific corrosion-resistant materials [42,43]. However, autohydrolysis treatments have a limit.
Indeed, when hemicellulose is extracted through hot liquid water or steam explosion, beside
oligosaccharides, there is the appearance of numerous other compounds in the reaction media, in more or
less large quantities: monosaccharides, furfural or hydroxymethylfurfural, acetic acid, protein-derived
products, inorganic compounds, or other products derived from the extractive and acid-soluble lignin

fractions of the feedstock [48]. The mechanism of formation of these compounds is very complicated, being
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related to the time/temperature conditions, to the pH and to the matrix. For instance, cellulose-deriving
glucose can be converted into 5-(hydroxymethyl)-2-furaldehyde (HMF) and/or levulinic acid, formic acid and
various phenolics at high temperatures, depending on the reaction conditions, while xylose can follow
different reaction mechanisms originating furan-2-carbaldehyde (furfural) and/or various C-1 and C-4
compounds. Then, monosaccharides can further react to form pseudo-lignin, humine, aldehydes, ketones,
organic acids or aromatic compounds [53]. It is important to highlight that although some of these
mechanisms are to date well understood, many other reaction pathways still remain unknown [54].
Therefore, since one of the main aims of reusing hemicellulose from lignocellulosic biomasses is its
transformation into healthy ingredients for the food supply chain, it is of enormous importance to further
study the presence of all these compounds that originate following autohydrolysis treatments, to understand
their formation and especially to evaluate them in terms of potential toxicity. This investigation should be
done both through the study and understanding of the reaction mechanisms, but also through the

improvement of analytical techniques able to allow their identification and quantification.

1.3. Enzymatic modification of fibre extracts to obtain bioactive oligosaccharides

Consumers are increasingly aware of the relationship between diet and health [55]. With onsets of chronic
obesity, gastrointestinal diseases, diabetes, coronary diseases, cancers, and degenerative diseases on the
rise, the trend in consumer choices is increasingly moving towards prebiotics, probiotics, and functional foods
more in general, with the market for these products constantly expanding [56]. Among all the functional
foods and supplements, a lot of attention has been paid over the time to various types of oligosaccharides,
which can be obtained from polysaccharides through hydrolysis and which have been reported to have
applications in food, feed and pharmaceuticals, claiming innumerable biological and functional properties
[57]. Among the oligosaccharides that are more commonly obtained, studied and in some cases even
commercialized there are fructo-oligosaccharides (FOS), galacto-oligosaccharides (GOS), manno-
oligosaccharides (MOS), isomalto-oligosaccharides (IMOS), xylo-oligosaccharides (XOS), arabino-
xylooligosaccharides (AXOS), human milk oligosaccharides (HMOS), chito-oligosaccharides (COS) but also
many others. Different oligosaccharides have shown over the years to have many diverse functional benefits,
depending on their physico-chemical features, such as solubility, monosaccharide composition, degree of
polymerization, reducing sugar content, amount and type of sobstituents in the side chains, etc. [58]. In
general, however, the use of functional oligosaccharides improves the balance of the intestinal microflora
preventing intestinal diseases, helps in the regulation of sugar and lipid content in blood, prevents obesity
and has been reported to play a role in another huge quantity of biological processes, accurately reviewed in
literature over the time [59,60]. If on the one hand especially FOS and GOS have been dominating the market

in the last years, nowadays XOS are catching the attention, mainly due to their apparent better resistance to
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gastric acidity and thanks to the abundant presence of xylan (i.e., the polysaccharide they could potentially
be originated from) in agro-industrial leftovers. For this reason, this dissertation especially focus on XOS. They
are oligosaccharides constituted by a linear B-(1->4)-D-xylopyranan backbone. In general, the oligomers that
contain from 2 to 10 molecules of xylose are considered XOS, even if some authors include in this category
also molecules with DP < 20 [61]. In spite of XOS can be easily obtained from main-chain-xylan compounds,
their precise chemical structure (and therefore their biological functions) varies once again according to the
extraction process and to the source they are obtained from. XOS may contain different substituents bonded
to the xylose-based backbone, such as acetyl groups, phenylpropenoic acids (like hydroxycinnamic acids,
mainly ferulic acid, and to a lesser extent dehydrodiferulic acid, p-coumaric acid, and sinapic acid), uronic
acids (like a-D-glucopyranosyl uronic acid or its 4-O-methyl derivative), other xylopyranose units and so on,

and this makes their structure branched [48,61,62]. An example of XOS structure is reported in Figure 1.1.

Glucuronic Acid

Acetate

HJCYO

Xylose unit

Arabinofuranose

Ferulic acid

Figure 1.1: Xylo-oligosaccharide showing different bonds and substitutions. Source: De Freitas et al., 2019 [63].
Reproduced with permission from De Freitas et al., Bioactive Carbohydrates and Dietary Fibre; published by Elsevier,
2019.

The consumption of XOS has been associated with many beneficial effects, after in vivo trials both on animals
and humans, such as immunomodulatory, antioxidant and prebiotic properties, but also positive effects on
diabetes prevention, lipid metabolism, colon inflammation, and stool frequency and consistence. Then, also
non-cariogenicity has been associated with XOS, together with antiallergic activities and beneficial effects on

the skin [26,64].

For all these reasons, after hemicellulose extraction, a very common step is its modification through
enzymatic hydrolysis. It is important to clarify that when lignocellulosic biomasses are considered, the
addition of the enzyme should always take place after another initial chemical treatment (often acid or
alkaline solutions are employed) or autohydrolysis treatment. This is because it seems that lignin presence is
the main factor which limits the hydrolysis by cellulolytic and hemicellulolytic enzymes, and for this reason

its partial degradation with a pre-treatment is necessary [65]. Indeed, when an enzymatic hydrolysis is carried
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out directly on lignocellulosic native biomass, less than 20% of cellulose-deriving glucose is released [66] and
the same result is predictable as regards hemicellulose. However, as regards the process, the enzyme can be
added directly to the reaction medium, immobilized, produced in situ via microbial fermentation, or
immobilized inside the biomass [49]. Many enzymatic tests have been performed with different
lignocellulosic materials, such as corncobs [67,68], almond shell [69], oil palm frond fibres [70], and wheat
bran [71], with variable XOS yields and variable DP, although most obtained XOS had a good percentage of
DP 2—-4. In the study conducted by Mathew et al., arabinoxylan extracted from wheat bran have been
subjected to enzymatic hydrolysis with four different xylanases; all of them have been able to originate XOS
and AXOS, with different DP and substitutions [72]. Despite this, it seems that GH10 family xylanases are
generally more efficient in producing shorter and more substituted XOS than GH11 family [72,73] and
therefore are better for the production of low-DP XOS. The degree of substitution of arabinose on the xylan
backbone (A/X ratio) also has a strong influence on enzyme activity and thus on (arabino)-
xylooligosaccharides ((A)XOS) production. In fact, it has been reported that a lower A/X ratio favours

hydrolytic activity of the enzymes, whether they belong to the GH10 or to GH11 family [74].

Despite these recent findings, it is essential to highlight that enzymatic hydrolyses are in general not
sufficiently optimized for the production of tailored oligosaccharides, having a well defined structure. In fact,
all the products originated by a xylanase from a given substrate depend on the substrate specificity, which in
turn depends on the structure of the xylanase [75]. In addition to this, other factors may affect the yield and
the structure of the hydrolysis products, such as temperature, pH, reaction time and synergy between
xylanase and other auxiliary enzymes able to hydrolyse the substituent groups present in the polymer chain
(including, in particular, acetylxylan esterase, glucuronidase or arabinofuranosidase). As a consequence, the
production of XOS with a well-defined structure is not a foregone conclusion, when it should be of great
importance, since as previously mentioned the structure is strictly related to the functional properties of
carbohydrates in general [63]. For example, some studies have shown that XOS with a low DP and without
substitutions have higher prebiotic activity [59,76—78] and that therefore these are more suitable to be used
as prebiotic ingredients. At the same time, XOS with higher DP have been presented elsewhere as better
antioxidants compared to the low-DP ones [79], and the degree of substitution also play a very important
role in affecting this property [80—82]. And besides, if on the one hand quite a lot of research has been done
with XOS with DP 2-6, very little is known about the properties of XOS having a DP comprised between 7 and
10, or higher: in fact, the availability of analytical XOS standards in the market is limited to DP 2-6, and
furthermore it is quite complex to hydrolyse the xylan polymer obtaining oligosaccharides with specific and
precise DPs to be able to study their properties. In a 2010 study, Makeldinen and colleagues tested four
different XOS mixtures having different DPs, showing how every mixture favoured in a different way the
growth of different Bifidobacterium and Lactobacillus strains and hence demonstrating their variable

prebiotic effectiveness [83]. Numerous authors have obtained medium-DP XOS from a multitude of
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agricultural by-products, but mostly through the use of chemical or autohydrolysis methods [84—86], leading
the formation of all the undesired compounds previously discussed. For these reasons it is fundamental to
further study the enzymatic hydrolyses and in particular how to tailor them in order to obtain different
products having different features, depending on the specific need. Obviously, the following step that we
would need to do is to in depth characterize their chemical structure and to test their properties, aiming to

build, over time, a well-defined and clear structure-activity relationship.

1.4. Chemical structure characterization of fibres extracted and of degrading compounds

If the optimization of the fibre extraction and the eventual production of functional oligosaccharides are
challenging operations, perhaps their characterization in terms of chemical structure is even more so. The
development of high throughput methods of analysis allowing fibre detailed characterization is essential,
since as repeatedly mentioned the nutritional and technological properties are strictly related to the
structure. In this sense, the most influential factors are the degree of polymerization and the molecular
weight, the stereochemistry of monosaccharides, the configuration of their bonds, the more or less extensive
branching, and the type of substituents on the backbone [87]. Because of the need to determine all these
aspects, it is clear that the structural analysis of carbohydrates turns out to be much more complex than that
of other macromolecules, such as nucleic acids or proteins [60]. Despite the importance of carbohydrates,
the current tools for their detailed structural characterization are still not well codified in universally applied
protocols. In most cases, the first characterization step involves a depolymerization leading to
monosaccharides, that is followed by a chromatographic separation and identification. Over the years, many
different techniques have been developed, of varying efficiency, however they have low reproducibility, low
sensibility and specificity, and lack speed [87]. To date, in fact, there is no official method for analysing and
quantifying oligosaccharides (0OS) or polysaccharides through their monosaccharides composition.
Polysaccharide hydrolysis is a delicate phase: although several depolymerization methods have been found,
such as acid hydrolysis, enzymatic hydrolysis or methanolysis, it seems that each polysaccharide requires
different optimized conditions [88]. When neutral monosaccharides are present, an acid hydrolysis is
probably the more efficient method: in a three-method comparative study, this has been the one that has
allowed the release of the greatest quantity [89]. Different acids can be used, but the most common are
trifluoroacetic acid (TFA), hydrochloric acid (HCI) and sulfuric acid (H2SO4). TFA is one of the most used, but
it shows weak hydrolysis when for instance cellulose polymers, glycosaminoglycans or other polymers
containing uronic acids (e.g. pectin) or amino sugars (e.g. chitin/chitosan) are present [90] and therefore the
hydrolysis conditions must be regulated depending on the monomers expected. In the last case, an analytical

method based on liquid chromatography has been proposed for the quantification of chitin in insects [91].
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Regarding separative analysis of originated monosaccharides, one of the most employed techniques has
been gas chromatography coupled with mass spectrometry detector (GC-MS) or flame ionization detector
(GC-FID). Current platforms however have limited scope and GC method requires analytes with high volatility,
which is why derivatization techniques are needed, for example using methylation, acetylation or
trimethylsilylation [92,93]. This additional phase is not welcome because of the costs associated with the
purchase of reagents and because it lengthens the analysis time. This does not generally happen when
techniques based on liquid chromatography (LC) are employed. Different types of LC methods have been
developed over time: anion exchange chromatography coupled with pulsed amperometric detector (HPAEC-
PAD) is a technique especially used in OS characterization and it offers specific and sensitive detection, as
well as good OS separation [94], however it has some limits, such as the progressive loss of detector signal
during the analysis, the expensive replacement of disposable electrodes, and the difficulty in separating and
characterizing branched OS [94]. In particular, in AXOS analysis, it has been observed that the position of
substituent arabinose affects the retention time, and that some of these AXOS can elute simultaneously,
which complicates their identification [95]. Furthermore, according to some scholars, HPAEC-PAD could
perhaps lead to epimerization and OS degradation when an aqueous solution with a high concentration of
sodium hydroxide is used as the mobile phase [96]. Several studies have also tried to establish a method for
the identification of oligosaccharides and polysaccharides by relying on other liquid chromatography
techniques, coupled with different detectors. UV-vis detector has been employed in some cases, but it has
the limit of needing a chromophore-based derivatization step, since monosaccharides do not have UV activity
[87]. By contrast, HPLC-RID has permitted a good identification in some studies, even though limited to OS
with a low DP (2-4) [97,98]. RID is commonly used for the detection of polysaccharides when it is coupled
with size-exclusion chromatography (HPSEC). The latter is widely employed because it provides information
on molecular weight distribution and is particularly advantageous since it needs aqueous solvents, allowing
for quick and easy sample preparation [99]. Actually, HPSEC separation principle is based on the
hydrodynamic volume of molecules, which can be strongly influenced by the number and the length of any
eventually present branch: therefore, molecules with the same hydrodynamic volume can have different
molecular weights and, despite this, coelute. For this reason, although sometimes this problem can be solved
through the use of HPSEC with multiple-detection (by two independent methods, viscometry and light
scattering), this technique can yield molecular weights with highly variable accuracy [100]. Liquid
chromatography coupled with mass spectrometry is also commonly employed for mono/oligosaccharides
characterization. However, one limitation of MS is that it alone cannot discriminate between hexose isomers
or pentose isomers, since they all have the same molecular formula and therefore the same mass [101].
Reverse phase-high pressure liquid chromatography coupled with tandem mass spectrometry (RP-HPLC/MS-
MS) has been very useful to characterize oligosaccharides (also in terms of linkage position and

monosaccharides sequence after enzymatic hydrolysis, even though other complementary techniques were
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also necessary) [102], however it can cause problems when there are same-type monomers, as in the case
of (A)XOS [73]. In this sense, in fact, a derivatization step or a labelling step at the non-reducing end is
necessary [103]. Pu et al. proposed another method to characterize XOS, based on hydrophilic interaction
liquid chromatography with evaporative light scattering detection (HILIC-ELSD), without the need for
derivatization [96]. The coupling of HILIC with ELSD and with the MSn detector can give important structural
information, such as the presence of acetyl groups, and allows the characterization and quantification of
many OS with different structures; however, isomeric structures tend to coelute, leading to overlapping
peaks [104]. In another study, neutral deprotonated AXOS structure was characterized through negative
electrospray with quadrupole and time of flight coupled with mass spectrometer (ESI-Q-TOFMS) and through
negative electrospray associated with ion trap and MS (ESI-ITMS): these techniques have proven to be
particularly efficient for structural analysis of AXOS up to DP 9, including isomer differentiation. In reality, the
interpretation of the spectra obtained by ESI-Q-TOFMS was successful also thanks to the knowledge gained
from previous characterization through *H NMR [105]. Nuclear magnetic resonance (NMR) is indeed an
effective tool for determining carbohydrates structures, especially monosaccharides composition, their
configuration and sequence and the characteristics of the bond. Providing complementary information, NMR
has often been coupled with negative ESI-MS/MS and methylation analysis [60]. In a recent study, Xiao and
colleagues have extracted XOS from bamboo by autohydrolysis, then they separated and purified them by
gel permeation chromatography (GPC) and finally characterized them by combining ESI-MS, NMR and HPAEC-
PAD; the combination of *H, 3C, and 2D HSQC NMR has given important structural information, especially on
the sites where substitutions took place [106]. The degree of branching of polysaccharides have been
sometimes determined by 1D/2D NMR combined with GC—MS analysis, whereas the a and B configurations
for sugar residues in polysaccharides are commonly detected in FT-IR and 1D NMR [107]. Another technology
that has taken hold to study polysaccharide structure is matrix-assisted laser desorption/ionization coupled
with mass spectrometry (MALDI-MS). It has proven to be an effective tool for determining (A)XOS molecular
weights [73], and thanks to the ease in sample preparation and high speed of analysis, it is often used for
offline MS analysis to identify DPs and the composition of separate oligomers [108]. Moreover, it has low
fragmentation, large mass range and tolerance to impurities, and does not require derivatization [60], as
shown in a study conducted on XOS from olive pulp [109]. More recently, however, more advanced
techniques have been developed, such as MALDI-TOF-MS and MALDI post-source decay TOF/MS, which are
up to ten times more sensitive [60]. Despite the fact that this technique allows a good determination of
molecular masses, it is limited by not directly distinguishing the anomers and OS branched configurations
[60]. More in general, complete structural elucidation may not be possible with mass spectrometry alone,
but may require other tools, such as NMR and chemical and enzymatic methods [110]. Finally, ion mobility
(IM) is a very promising technique in contributing to OS identification; it is often coupled with MS and allows

ion separation based on their mass, charge, size, and shape, thus also allowing differentiation of isomers
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[111]. The principle on which IM is based is the separation of the analytes in a long drift tube, in which an
electric field is applied and in which an inert gas passes, before they reach the detector for mass analysis;
drift times, which vary according to the size and shape of the analytes, can be combined with MS spectra and
integrated into databases for future structural identification. The major advantages given by this technique
are the high-resolution power, the high sensitivity, and the very low time required for the analysis. On the
other hand, IM-MS is not yet powerful enough to separate almost identical structures: overlaps between
species with similar drift time can in fact still occur [112]. Moreover, there are few studies in literature about
carbohydrates structural characterization by IM-MS, but it is very likely that this technique will be in the
foreground in the near future. Indeed, some studies have already shown a very high potential on the

separation and discrimination between different OS [113].

Another very relevant point connected to the extraction of dietary fibres and hemicellulose in particular is,
as previously mentioned, the formation of a myriad of other compounds when thermal treatments are
applied. These compounds mainly come from lignin and sugars degradation and several studies have shown
how it was possible to vary the composition of the autohydrolysis liquor after hydrothermal treatment in
different conditions, but mainly in terms of quantity of furfural, HMF, acetic, formic and lactic acid content
[114-116]. Actually, not many studies have deeply investigated the composition of these liquors, and some
authors highlighted how some reaction mechanisms are to date still unknown [54]. Hence, since one of the
main final aims of extracting and modifying hemicellulose from agro-industrial by-products is the obtainment
of functional ingredients for food companies, it is of enormous importance to further investigate the
presence and the formation of all these compounds. To understand all the mechanisms of reaction would be
difficult but also of great interest, as well as to develop rapid techniques that are able to simultaneously
identify and quantify all the molecules that can originate in a certain process. Indeed, as previously
mentioned, many autohydrolysis treatments can be regulated time after time depending on the products
one wants to obtain, on the matrix undergoing the extraction and on several other factors. Therefore,
temperature, holding time, liquid/solid ratio, etc., might be changed and as a consequence also the
degradation compounds can do the same. In short, the formation of these compounds that today look like

“unpredictable” can no longer be overlooked, especially for a matter of potential toxicity.
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ABSTRACT

Exopolysaccharides (EPS) are complex molecules produced by some microorganisms which can be employed
in food as texturizers and stabilizers, and an association between their consumption and some positive
effects on human health has also been reported. However, these properties attributed to EPS are strictly
dependent on their chemical structure, in terms of monosaccharides composition, molecular weight,
branching and charge. In this work, three different strains of wild lactic acid bacteria isolated from dairy
products were tested for their ability to produce EPS by using different sugars (glucose, galactose, fructose,
maltose and lactose) as the only carbon source. A method for EPS extraction and quantification was
developed, based on AOAC 991.43 official method for dietary fibres quantification. Monosaccharides
composition was performed after acid hydrolysis by GC-MS, whereas HPSEC-RID was used for determining
the molecular weight. EPS amount significantly differenced both among different strains and when the same
strain was fed with different sugars. A variability in sugars compositions and molecular weights of EPS was
found depending on the strain and on the carbon source too. A significant co-precipitation of nitrogen
containing compounds with EPS during extraction was observed.
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1. Introduction

Lactic Acid Bacteria (LAB) are closely associated with humans since ancient times and all throughout history
[1]. Nowadays LAB are receiving increasing attention due to their ability to ferment different matrices and to
produce valuable compounds with an increased value. Among these, exopolysaccharides (EPS) are gaining
interest due to their technological properties, such as the improvement of rheology and of mouth feel of
food [2], and to their multiple effects on health, thanks to their immunoregulatory [3], cholesterol-lowering
[4], antioxidant and antihypertensive functions [5]. For these reasons, EPS can be exploited in improving
foods’ technological characteristics but also to increase their nutritional value. To date, about 30 different
LAB species are recognized as EPS-producers, the most known are: Lacticaseibacillus paracasei,
Lacticaseibacillus rhamnosus, Lactobacillus helveticus, Lactobacillus delbrueckii, Lactobacillus acidophilus,
Latilactobacillus sakei and Lactiplantibacillus plantarum, and many of them were isolated from traditional
food matrices [6—13]. However, when it comes to the structure, the EPS produced by LAB can be very
different from each other. First, EPS can be divided in two macro-categories, depending on the composition
of the saccharidic chain, namely homo-polysaccharides (HoPS) and hetero-polysaccharides (HePS). The
former are made of the same monosaccharide repeating unit, show a linear and bigger structure (> 106 Da),
do not present charge and are primarily associated with prebiotic effects [4,14,15], while HePS are smaller
(10*-10° Da), they present two or more sugar moieties in a linear or branched chain and may have non-
carbohydrates residues in their composition, including charged groups. Therefore, it is widely recognized that
different LAB species are able to produce a wide variety of structurally different EPS, having different
structure, size or functional groups and thus with diverse functions and multiple possible applications [16,17].
Nowadays the production of EPS is mainly achieved by feeding LAB with industrial by-products and media
rich in sucrose [18]. Despite it is generally accepted that for bacteria EPS production and composition is gene-
driven and not affected by cultural factors [19], recently many studies have proven the ability of LAB of
adapting to different media and change their behaviors according to the medium characteristics, resulting
also in a modification of the quantity and quality of the polymeric substances produced [20-23]. Glucose
seemed to be the best solution to increase the production for different microorganisms, while on the other
hand fructose has been reported to reduce EPS’ production with respect to control media [24]. As an
example, L. delbrueckii subsp. bulgaricus NCFB 2722 has proven to produce higher amounts of EPS when
grown in media containing glucose or lactose with respect to media containing fructose [25]. Cheng et al.
[26] measured the EPS production of L. plantarum LPC-1 on media containing glucose, sucrose or a mix of
both sugars and their results suggest the effect of sucrose in increasing EPS’ production and in modifying the
molecular structure, leading to a higher level of antioxidant activity [26]. These findings seem to suggest that
itis possible to modulate the EPS production and structure and therefore their properties by feeding different

sugars to specific LAB strains. However, more data are needed to better elucidate the complex relationship
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among LAB strain, carbon source, EPS structure and activity. Moreover, once the combination strain-medium
composition has been chosen, it is also necessary to evaluate an appropriate extraction technique in order
to isolate the polysaccharide fraction as pure as possible for molecular characterization. To date, many
different protocols have been proposed for EPS extraction and among these are physical methods, such
centrifugation, sonication and heating, and chemical methods, employing sodium hydroxide, EDTA or ion
exchange resin [27]. The most efficient methods are those involving the use of centrifugation, in order to
remove bacterial cells, followed by organic solvent precipitation, in most cases ethanol [28]. Sometimes,
precipitation with ethanol is preceded by another step, useful to remove proteins and enhance the purity
degree, that is the employment of trichloroacetic acid, but sometimes also EDTA or trypsin [29] or again the
purification step may be performed on the pellet, with different techniques such dialysis [30], enzymes
employment or reprecipitation of the polymer from diluted aqueous solution [31]. Finally, also tangential
ultrafiltration has been often used as an alternative to conventional extraction of EPS, especially those
produced by microalgae, but some drawbacks has been attributed to this technique because of the high
viscosity of solutions resulting in the clogging of membranes [32]. However, most of the methods result in

low-purity or modification of EPS structure, especially when thermal or chemical treatments are applied.

To contribute in this field, in the present study an extraction method based on AOAC 991.43 was applied for
EPS extraction from LAB strains, in the optic to develop a method applicable to any food matrix containing
EPS, limiting as much as possible the modification of the polysaccharide extracted. EPS were obtained from
three LAB strains belonging to the EPS’s producer species and commonly found in dairy products. In
particular, L. delbrueckii represents one of the most commonly used starter species in cheese and yoghurt
[33], while L. paracasei and L. rhamnosus are known for their importance as non-starter strains in ripened
cheeses and their potential health benefits [34,35]. Each LAB was fed with five different individual sugars
(sucrose, glucose, lactose, fructose and maltose), representative of the main simple sugars that can be found
in different food matrices as vegetables, dairy, cereals etc., with the aim to understand how and whether the

strain and the variation of the carbon source may affect EPS yield and its chemical structures.

2. Material and methods

2.1. Bacterial strains, growth conditions and media

Three wild LAB strains, namely L. bulgaricus 1932, L. rhamnosus 1019, and L. paracasei 2333, previously
isolated from dairy matrices and belonging to the microbial collection of the Department of Food and Drug
of the University of Parma (UPCC), were tested. Modified MRS medium (mMRS) was used as basic EPS
production medium. mMRS was prepared according to Degeest et al. [36]. The carbon sources consisting of

fructose (FRU), glucose (GLU), lactose (LAC), maltose (MAL), and sucrose (SUC) (Merck, Darmstadt, Germany)
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were prepared as a concentrated water solution, sterilized separately from the medium, and then properly
added to each bottle of mMRS to a final concentration of 5%. Cells were inoculated in 6 mL of the five
different aliquots of mMMRS broths prepared with the five different sugars and cultured at 37 °C in
anaerobiosis. After 20 hours of incubation the cells were diluted to a final concentration of 1x10” CFU/ml and
used to inoculate 200 mL of media that were incubated in anaerobiosis at 37 °C, then used for EPS extraction

and chemical analysis.

2.2. EPS extraction and quantification

The total EPS content produced by the strains in the five different mMMRS was determined by the AOAC 991.43
official enzymatic-gravimetric method for dietary fibres [37]. The analysis was carried out in 20 mL of sample
in triplicate. Residual ash in extracted fibres was determined through mineralization at 550 °C for 5 h, while
residual nitrogen was determined using a Kjeldahl system (DKL heating digestor and UDK 139 semiautomatic
distillation unit, VELP SCIENTIFICA).

The same enzymatic-gravimetric method, with few modifications, was also used for the EPS extraction, in
order to enable further analysis on their chemical structure. After letting 20 mL of culture broth to react with
heat-stable a-amylase, protease and amyloglucosidase in the quantities reported by the aforementioned
official method, EPS were precipitated by adding four volumes of 96% ethanol. Then, the solution was
centrifuged at 3900 rpm, at 4 °C for 30 minutes and the pellet was washed twice with ethanol and finally

dried overnight at 40 °C in an oven.

2.3. EPS monosaccharide composition and quantification analysis through Gas
Chromatography-Mass Spectrometry (GC-MS)

The EPS monosaccharide composition was investigated following two different protocols. The first was
employed in order to detect neutral and acid sugars, following a method previously proposed by Xia et al.
with some modifications [38]. Here, 10 mg of EPS sample were dissolved in 3 mL of 2N trifluoroacetic acid
(TFA) and hydrolysed at 110 °C for 2 hours. Then, an aliquot of the solution was withdrawn and put together
with 125 pL of 1190 ppm phenyl-B-D-glucopyranoside, used as internal standard, and then evaporated by
rotavapor. The obtained dried hydrolysate was washed with 1 mL of methanol to remove the residue of TFA
and evaporated again. 1 mL of 0.5 M NH,OH was subsequently added to delactonize the eventually present
acid sugar lactones in the sample, and again evaporated by rotavapor. Finally, the dried hydrolysate was
dissolved in 800 plL of dimethylformamide (DMF) and 200 uL of N,O-Bis(trimethylsilyl)trifluoroacetamide
(BSTFA), the latter used as derivatizing agent. The reaction was held for 1 hour at 60 °C and then the

derivatized sample was injected in gaschromatography.
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The second protocol was used with the aim of detecting amino sugars by acid hydrolysis with hydrochloric
acid. Briefly, 10 mg of sample were dissolved in 6 mL of 7 N HCI and kept for 4 hours at 110 °C. Later, an
aliquot was added to 125 pL of 1190 ppm phenyl-B-D-glucopyranoside and they were together evaporated.
As in the first method, 800 uL of DMF and 200 uL of BSTFA were subsequently added, the reaction was held
at 60 °C for 1 h and the solution was ready to be injected.

GC-MS analysis of monosaccharides was performed with a 6890 N gas chromatograph coupled to a 5973 N
mass selective detector (Agilent technologies, Santa Clara, CA). A SLB-5ms, 30 m x 0.25 mm, 0.25 um
thickness column (Supelco, Bellafonte, PA, USA) was used. The chromatogram was recorded in the scan mode
(40-500 m/z) with a programmed temperature from 60 °C to 270 °C. The initial temperature was 60 °C, held
for 2 minutes, then increased to 160 °C at a rate of 10 °C/min, held isothermal for 5 minutes, increased to
220 °C at a rate of 10 °C/min, kept for 5 minutes, increased to 270 °C at a rate of 20 °C/min and maintained
for 5 minutes. Quantification was performed with a response factor, considering the area and concentration
ratios between the internal standard (phenyl-B-D-glucopyranoside), and the following monosaccharides: D-
glucose, D-fructose, D-galactose, D-mannose, D-rhamnose, D-ribose, D-xylose, D-fucose, D-galacturonic acid,

D-glucuronic acid, D-glucosamine and D-galactosamine.

2.4.  Evaluation of EPS molecular weight through HPSEC-RID

The molecular weight of EPS produced by the selected strains was investigated through high-performance
size-exclusion chromatography (HPSEC), with an Agilent 1260 Infinity Il LC system equipped with a refractive
index detector (RID) (Agilent, Santa Clara, CA, USA). The EPS extracted from the culture broth (Paragraph
2.4), were dissolved in ultrapure water at a concentration of 10 mg/mL. Later, the solutions were filtered
through a 0.45 um membrane. A 50 mM NaCl aqueous solution was used as mobile phase at a flow rate of 1
mL/min and a PL aquagel-OH MIXED-M column, 7.5 x 300 mm, 8 um (Agilent, Santa Clara, CA, USA) was
employed to separate the different molecular weight fractions. The injection sample volume was set at 100
pL, column temperature 30 °C and RID temperature 35 °C. Standard pullulans having known molecular weight

were purchased from Agilent (Santa Clara, CA, USA) and used for the calibration curve.

2.5. Determination of EPS amino acid profile through UPLC/ESI-MS

The total amino acid profile was evaluated in a representative EPS sample in triplicate, following the protocol
proposed by Caligiani et al. with some modifications [39]. An amount of 40 mg of EPS previously extracted
from culture broth was hydrolysed with 6 mL of 6 M HCI for 23 hours at 110 °C, then the internal standard
(7.5 mL of 5 mM Norleucine in 0.1 M HCI) was added. The solution was subsequently filtered through filter

paper and diluted to a final volume 250 mL. Finally, the amino acids contained in the solution were
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derivatized with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) and analysed by ultra-
performance liquid chromatography with electrospray ionization and mass spectrometry detector (UPLC/ESI-
MS, WATERS ACQUITY). In detail, UPLC/ESI-MS analysis was performed with an ACQUITYUPLC separation
system with an Acquity BEH C18 column (1.7 um, 2.1 x 150 mm). The mobile phase was composed of H20 +
0.2% CH3CN +0.1% HCOOH (eluent A) and CH3CN + 0.1% HCOOH (eluent B). Gradient elution was performed
as follows: isocratic 100% A for 7 min, from 100% A to 75.6% A and 24.4% B by linear gradient from 8 to 28
min, isocratic 100% B from 29 to 32 min, isocratic 100% A from 33 to 45 min. The flow rate was set at 0.25
mL/min, injection volume 2 pL, column temperature 35 °C and sample temperature 18 °C. Detection was
performed by using Waters SQ mass spectrometer: the ESI source was in positive ionization mode, capillary
voltage 3.2 kV, cone voltage 30V, source temperature 150 °C, desolvation temperature 300 °C, cone gasflow
(N2) 100 L/h, desolvation gas flow (N2) 650 L/h, full scan acquisition (270-518 m/z) and scan duration 1 s.
Calibration was performed with standard solutions prepared mixing norleucine, amino acids hydrolysate

standard mixture and deionized water.

2.6. Statistical analysis

All the calculated parameters (amount of EPS produced, relative percentage of monosaccharides and
percentage of various EPS fractions with different molecular weights) were compared each other through
Pearson correlation by employing IBM SPSS software version 21.0 (SPSS Inc., Chicago, IL, USA). Significant
correlations were considered for values > 0.6 and < -0.6. Moreover, a one-way analysis of variance (ANOVA)
with Tukey’s post-hoc test was applied with the same software at a confidence level of 95 % (p-value = 0.05)

in order to determine significant differences among the amounts of EPS produced in the various experiments.

3. Results and discussion

3.1. EPSisolation, quantification and evaluation of the degree of purity

The ability of the strains to produce EPS was assessed by quantifying EPS through an enzymatic-gravimetric
method, that is the official method for dietary fibers quantification in complex samples (Paragraph 2.2). This
method, thanks to the employment of enzymes able to hydrolyze both starch and proteins and thanks to the
fact that considers residual nitrogen and ash, allows to obtain a more accurate quantification respect to
others that are based on only weighing after the precipitation with ethanol. To the best of our knowledge,

this method is not commonly employed for the quantification and isolation of EPS from complex matrices,
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despite its undoubtful advantages also in terms of purity of the fraction extracted. Results of the
quantification of EPS produced from each strain using different sugars (Table 2.1) showed that all the strains
were able to produce EPS with any sugar, but interestingly the maximum quantity of EPS was not always
achieved by using sucrose as unique carbon source. Up to nowadays, most of the literature has reported the
addition of sucrose to the growth media as an effective method to maximize the EPS production by LAB [40],

however our results seem not supporting the correlation sucrose-EPS formation [41].

Table 2.1: Amount of EPS produced by tested microorganisms with different carbon sources, expressed as g I culture
broth, and percentage of residual nitrogen within EPS. Different letters indicate significant differences in the EPS

amount (p < 0,05).
EPS amount (g/L, ash and Residual Nitrogen in
Strain Sugar added protein free) the crude extract (%)
fru 1.51+0.24 bc 9.7
. mal 2.38+0.13 d 7.5
L. paracasei

suc 0.71+£0.01 a 9.5

2333
lac 1.76 £ 0.15 bcd 10.4
glu 1.52+0.23 bc 10.2
fru 1.77 £0.59 bcd 7.6
mal 1.50 £ 0.38 bc 8.5

L. rhamnosus

suc 1.21+0.21 ab 10.3

1019
lac 205+0.14 cd 10.1
glu 1.49+0.08 bc 9.2
fru 1.80+£0.24 bcd 9.3
L. delbrueckii mal 1.32+0.08 ab 9.7

bulgaricus suc 1.75+0.08 bcd 9

1932 lac 1.80+0.09 bcd 9.1
glu 1.28+0.18 ab 10.2

Furthermore, it has been possible to observe a great variability both in terms of amount of EPS produced by
the different strains, but also at strain level. From Table 2.1 it is possible to observe that by employing
maltose, L. paracasei 2333 turned out to be the best EPS producer in terms of quantity as compared to the
other two strains in the same conditions. It is interesting to note, as highlighted above, that this strain showed
the lowest EPS production when sucrose was the only carbon source used, compared to the other four
sugars. A similar behavior was observed for the strain L. rhamnosus 1019, that produced a low amount of
EPS when grown in mMRS with sucrose, though non significantly different compared to the growth in mMRS
with fructose, maltose and glucose. On the contrary, this quantity was found to be significantly lower than
the one found when L. rhamnosus 1019 was grown in mMrs with lactose. Finally, L. delbrueckii bulgaricus

1932 led to the obtaining of non-significantly different amounts of EPS starting from all the feeding sugars.
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Globally, these results show that different strains may have different behaviors when are fed with different
sugars also in EPS production, underlining the importance to apply also for exopolysaccharides a robust

method of quantification.

An interesting aspect, however, concerns the high residual amount of nitrogen in isolated EPS, indicating a
low degree of purity, despite the use of the official method for soluble fiber quantification. The percentage
of nitrogen in the crude extract came out to be variable in the range between 7.5 and 10.4% (Table 2.1). In
the official method for the quantification of total dietary fiber [42], that has been used in this work, the use
of a bacterial protease is foreseen, among other enzymes, in order to hydrolyse proteins present in the
sample. Because of this, it is not very plausible that this nitrogen value was attributable exclusively to the
non-hydrolysed proteins and/or peptides co-precipitated together with the polysaccharide fraction. For this
reason, to better clarify the residual protein amount, the amino acid analysis was carried out on a
representative EPS sample, in triplicate. The results are reported in Table 2.2.

Table 2.2: Amino acid profile and total protein content of EPS produced by L. paracasei 2333 grown with glucose as the
only carbon source.

mg anhydrous .Rel.ativ.e
AA/100 mg EPS distribution
(g/100g protein)
ala 1.02+0.01 6.36 £ 0.05
asp+asn 2.01+£0.06 12.52 £ 0.56
arg 1.19 £ 0.06 7.38+0.30
gly 0.84+0.01 5.21£0.06
his 1.01+£0.01 6.32+0.13
ile 0.69+0.01 4.32+0.01
leu 0.88 +0.04 5.50%0.17
met 0.48 +0.01 3.01+0.12
phe 0.91+0.03 5.6510.28
pro 0.71+0.01 4.43+0.15
ser 0.80+0.05 498 +0.36
thr 0.85+0.02 5.30%0.20
val 0.73+0.02 4.55 +0.05
lys 1.01+0.34 6.27 £ 2.06
tyr 0.72+0.01 4.51+0.07
glu+gin 2.20+0.07 13.69+0.61
Total protein content (%) 16.06 £ 0.14 -
Total amino acids (%) 18.70 £ 0.16 -

As can be seen from Table 2.2, the total protein content was quite high, probably indicating an incomplete
hydrolysis by the protease. This could be due to some structural interactions between proteins and EPS [43],
which make the action of the enzyme partially ineffective. In any case, if we consider the classic nitrogen-to-

protein conversion factor, namely 6.25, the sum of proteins and amino acid in the sample of the EPS analysed
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(equal to 18.70 %, Table 2.2) would correspond to a percentage of nitrogen equal to 3%, which is rather far
from the actual nitrogen quantity in the crude extract (Table 2.1). A more accurate result can be obtained by
using as conversion factor 5.43, calculated on the specific amino acid composition reported in Table 2.2,
corresponding to a percentage of nitrogen approximately equal to 3.5%. This still means that a large portion
of nitrogen of a non-protein nature is present, which is probably partially due to the triammonium citrate
present as an ingredient in the broth, which could co-precipitate together with the EPS after the addition of
ethanol. Furthermore, other nitrogenous compounds could be present, such as phospholipids or nucleic acids
[44], and within the polysaccharide chain also amino sugars give their contribution, even if partial (Paragraph
3.2). Therefore, for a more accurate quantification of EPS, it would be appropriate to identify and quantify
each of these individual nitrogen compounds, calculate each nitrogen conversion factor and then subtract
proportionally. In this case, it was decided to keep 6.25 as the average conversion factor, but this specific
case is quite illustrative of how approximate it is to use this value, as has already been reported in the
literature for a long time [45]. This is true not only for protein quantification, but the uncertainty can be also
extended to dietary fiber quantification, especially when the co-precipitated nitrogen amount is high and of

unpredictable origin.

Moreover, this result highlights the complete inaccuracy of the methods for EPS quantification and isolation
based only on physical treatments or ethanol precipitation, due to the strong link between EPS and proteins

or other nitrogen containing compounds.

3.2. EPS monosaccharide composition

Carbon source: glucose Carbon source: maltose Carbon source: sucrose

Carbon source: fructose Carbon source: lactose
60 a5
50 ‘7 - L. paracasei 2333
40 30
30 25 L. rhamnosus 1019
) I ;‘ L. delbrueckii 1932
L - A . l.. . C . - I (T

Figure 2.1: Monosaccharide composition (expressed as relative percentages) of EPS produced by three LAB strains fed
with five different sugars.
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The monosaccharide composition (Figure 2.1) of EPS produced by the three selected strains fed with the five
sugars was also determined on the fraction isolated according to the enzymatic method as reported in
Paragraph 2.2. All the EPS contained glucose, mannose, galactose, fructose, ribose, glucosamine and
galactosamine as principal sugars. L. rhamnosus 1019 and L. bulgaricus 1932 produced EPS containing also
rhamnose, with L. rhamnosus 1019 being able to include this sugar in the EPS chain with average quantities
that are twice as much as those found in the EPS made by L. bulgaricus 1932 (17.6% and 9%, respectively),
when fed with all the sugars but maltose. On the contrary, L. paracasei 2333, regardless of the carbon source
it was fed with, was unable to include rhamnose within the polysaccharide chain, probably due to the lack of
gene clusters encoding for the production of this sugar [46]. Rhamnose was observed to be uncommon in
EPS produced by lactobacilli in Zeidan et al. [8] that reports the presence of this sugar only for some strains
of L. bulgaricus and L. rhamnosus, in agreement with our results. Except for this clear difference, the other
sugars were inserted in all the EPS chains in similar, albeit variable, quantities. All the three strains produced
EPS consisting mostly of glucose and mannose, regardless of the carbon source added to the growth medium.
The sum of mannose and glucose, expressed as a relative percentage of total sugars, was found to range
between 42 % and 88 %, with an average of 64 %, suggesting that despite the presence of other hexoses and
pentoses, the EPS produced were mainly classifiable as glucomannans [47-49]. In particular, mannose was
found to be present in greater quantities when fructose was present as a carbon source, both as it is and
when present within sucrose. This correlation is supported by the fact that mannose and fructose are
metabolically close, with only one metabolic step between them [50]. These results are quite in agreement
with the literature, where glucose, galactose, mannose, rhamnose, glucosamine and galactosamine are
reported to be always the most frequent monosaccharides in LAB’s EPS [51]. However, in some cases,
fructose [52] and ribose [53] have also been found as monosaccharides constituting the LAB-produced EPS
chain. As concerns ribose, in the present study, it showed considerable variations within the EPS produced
by the same strain that have been fed with different carbon sources: L. paracasei 2333 originated amounts
of ribose varying between 0.5 and 15.3%, L. rhamnosus 1019 between 0.9 and 6.3% and L. bulgaricus 1932
between 2.1 and 13.8%. The highest concentrations were almost always found when glucose was used as
feed. Fructose, on the other hand, was variable between 0 and 14.3%, between 0 and 11.3% and between
1.1 and 16.1% within the EPS produced by L. paracasei 2333, L. rhamnosus 1019 and L. bulgaricus 1932
respectively, depending on the fed carbon source. Generally, fructose showed the highest concentrations
when fructose itself was used as a carbon source. Galactose also showed considerable variability. It was
particularly abundant in the EPS produced by L. bulgaricus 1932, with an average amount 2.5 times higher
than that produced by the other two strains. Furthermore, also the carbon source influenced the quantities
again: in fact, the largest amount was found when the three strains were grown on lactose, which is the only

galactose-containing carbon source among the selected ones, and the lowest quantities have been found
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when maltose was employed as feed. Finally, glucosamine and galactosamine were always found but in
relatively low quantities, ranging between 1.2 and 10.4% and between 0.1 and 6.1%, respectively. The
presence of amino sugars in the EPS chain is actually of great importance, because of their characteristic
electric charge. In fact, when this latter is present on the EPS it may cause, depending on the ionic strength,
an increase in the intramolecular repulsion forces and therefore a consequent increase in the hydrodynamic

volume and intrinsic viscosity [54].

3.3. EPS molecular weight (Mw)

The molecular weight of EPS produced in the various experiments was investigated by size-exclusion

chromatography coupled with a refractive index detector (HPSEC-RID). Results are reported in Table 2.3.

Table 2.3: Molecular weight profile (expressed as relative percentages of total chromatographic area) of EPS produced
by three LAB strains, fed with five different carbon sources.

Area (%)
Strain Carbon Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5
source (> 500 kDa) (130-200 kDa)  (40-65 kDa) (8 — 25 kDa) (< 10 kDa)
b Fructose - 7 38 56 -
.§ Glucose - 9 37 54 -
§ Lactose - 6 41 52 -
S Maltose - 5 42 53 -
5 Sucrose - 4 44 40 12
" Fructose - 10 42 47 -
g - Glucose - 8 34 57 -
E § Lactose 5 17 36 42 -
< Maltose - 6 36 57 -
= Sucrose 4 10 25 29 32
- Fructose 16 4 61 19 -
3 Glucose 15 3 29 23 30
g 3, Lactose 18 3 24 20 36
3" Maltose - 11 32 48 9
= Sucrose 15 5 47 32 -

First, it can be noted that all the selected strains gave rise to HePS having different fractions of different Mw,
as often happens for LAB-deriving HePS [55]. L. paracasei 2333 produced EPS that are always very similar to
each other, regardless of the carbon source used. In particular, three different fractions having Mw between
10 and 200 kDa emerged in all the experiments, and always in very similar proportions. The highest Mw
fraction (130 - 200 kDa) was produced in relatively small amounts, corresponding to 4-9% of the total EPS.
On the contrary, the two most abundant fractions were the third and the fourth one, having smaller Mw

variable in the range 10 - 65 kDa, which constituted 84-95% of the total. When sucrose was used as a carbon
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source, another very small fraction with Mw lower than 10 kDa was detected, and it was equal to 12% of the

total EPS.

L. rhamnosus 1019, as well as L. paracasei 2333, produced EPS which were mainly represented by medium-
Mw fractions, which together represent 78-94% of the total EPS for four out of five sugars. The most peculiar
case was found again when L. rhamnosus 1019 was fed with sucrose, since an abundant low-Mw fraction
equal to 4 kDa was detected, representing 32% of the total. Furthermore, in two experiments, when sucrose
and lactose were added as the only carbon source, even a high-Mw fraction (> 500 kDa) was detected, albeit

in low quantities.

L. bulgaricus 1932 was the strain that behaved in the most different way compared to the others: although
it also always produced EPS with abundant medium-Mw fractions, they were less abundant, and their sum
was 43-80%. The presence of the high-Mw fraction was also detected, in quantities ranging between 15 and
18%, when the strain was grown on all the carbon source except maltose. Furthermore, when maltose,
glucose and lactose were added to the growth medium, EPS produced by L. bulgaricus 1932 were

characterized also by the smallest fraction (< 10 kDa) which represented 9, 30 or 36% of the total EPS.

From these results, it appears that the Mw profile of the EPS is mainly dependent on the bacterial strain.
However, in several cases, it was found out that the carbon source has an influence on this feature too,
although not always predictable and constant. This agrees with a study by Polak-Berecka and colleagues,
where a L. rhamnosus strain, fed with five different carbon sources, produced EPS having different Mw [56].
On the other hand, in that study, the absolute values of EPS molecular fractions were very far from those
obtained in our work, confirming that this structural peculiarity is mainly related to the selected strain. In
general, the Mw of LAB’s He-EPS that are reported in the literature vary from 10% to 10° Da [20]. Our values
fall within this range, with the only exception of fraction 5, having Mw < 10 kDa. Actually, it must be specified
that many authors perform an ultrafiltration step (10 kDa cut-off) before analysing the Mw of the considered
EPS [57], thus preventing the detection of that fraction. However, the presence of low-Mw EPS can be
considered an element of further valorization for the producing strains because these EPS have been
reported to be more effective in terms of antioxidant activity [58]. Conversely, the high-Mw fractions
detected in some samples (and originated especially by L. bulgaricus 1932) may have an interesting potential
for technological and functional activities related to viscosity. In fact, the positive correlation between Mw
of EPS and induced viscosity is now well known [59], so as it is for the relation between an increase in viscosity

and better cholesterol-lowering and antimicrobial properties [51].
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3.4. Correlation analysis among EPS molecular characteristics

With the aim to gain more information on the different EPS structure, a correlation analysis among all the
molecular data collected in this study was performed. In Table 2.4 the correlation matrix among EPS chemical
characteristics (yield, monosaccharides composition and molecular weight distribution), is presented,
independently from the feeding sugars. Colored cells represent data with a negative (red) or positive (green)

correlation score higher than 0.6, indicating a strong link between the examined variables.

No significant correlation was found among monosaccharide composition, except for the positive correlation
found between glucosamine and galactosamine, indicating that the inclusion of positively charged sugars in

the EPS chain is made utilizing both amino sugar epimers.

The most interesting data emerged from this correlation analysis is the link between some specific molecular
weight EPS fractions and the presence of some monosaccharides. These significant correlations permit to
infer more information about the distribution of monosaccharides in the EPS of different molecular weights.
More in detail, fraction 1 is positively correlated with galactose, meaning that EPS > 500 kDa contained this
monosaccharide. The presence of galactose was the highest in the EPS produced by L. bulgaricus 1932 (Figure
2.1), that were also the EPS with the highest Mw. It can therefore be speculated that L. bulgaricus is
characterized by the ability to produce EPS with a larger molecular size and that these EPS contain galactose.
Positive correlation can be observed between EPS’ fraction 3 and fructose, which in turn is abundant in EPS
when fructose sources are present in the feeding sugars. As that fraction includes Mw ranging between 40
and 65 kDa, this result suggest that LAB produce medium to small size EPS when fructose is the available
carbon source. EPS’ fraction 4 is negatively correlated with galactose and positively correlated with
glucosamine and galactosamine. This fraction comprises EPS with a Mw between 8 and 25 kDa. These

correlations suggest the presence of charged HePS in this Mw range.
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Table 2.4: Correlation matrix of factors involved in EPS production and composition. “Fraction” represents different
groups of EPS at different molecular mass: Fraction 1 (> 500 kDa), Fraction 2 (130 - 200 kDa), Fraction 3 (40 - 65 kDa),
Fraction 4 (8 - 25 kDa), Fraction 5 (< 10 kDa).

* Correlation is significant at a 0,05 level.

** Correlation is significant at a 0,01 level.

Correlations EPS g/L Ribose Mannose |[Rhamnose| Fructose |Galactose| Glucose GIU_COS Gala.cto Fractionl | Fraction2 | Fraction3 | Fraction4 | Fraction5
amine samine
EPS g/L -0.382 -0.180 -0.032 -0.346 0.230 0.503 0.076 0.126 0.145 0.151 0.229 0.084 -0.369
Ribose -0.382 -0.468 -0.268 549" 0.464 -0.218 -0.340 -0.191 555 -534" 0.229 560 0.294
Mannose -0.180 -0.371 0.002 -0.489 -0.168 -0.071 -0.038 -0.463 0.127 -0.038 0.243 -0.009
Rhamnose -0.032 -0.268 -0.088 -0.395 0.279 -0.022 -0.155 0.440 -0.368 0.193 -0.003
Fructose -0.346 549" 0.002 -0.084 -0.388 -0.325 -0.291 0.152 -0.210 672" -0.283 -0.195
Galactose 0.230 0.464 -0.489 -0.088 0.031 -0.457 -0.474 -0.311 -0.081 .’726" 0.457
Glucose 0.503 -0.218 -0.168 -0.395 -0.388 -0.105 0.057 0.079 -0.115
Glucosamine 0.076 -0.340 -0.071 0.279 -0.325 -0.457 -,541" 0.219 -0.165 778" -0.472
Galacr::sami 0.126 -0.191 -0.038 -0.022 -0.201 -0.474 0.215 -0.484
Fractionl 0.145 555" -0.463 -0.155 0.152 m 0.034
Fraction2 0.151 -534" 0.127 0.440 -0.210 -0.311 -0.105
Fraction3 0.229 0.229 -0.038 -0.368 672" -0.081 0.057
Fraction4 0.084 -,560" 0.243 0.193 -0.283 726" 0.079
Fraction5 -0.369 0.294 -0.009 -0.003 -0.195 0.457 -0.115

4. Conclusions

The enzymatic method for dietary fibre quantification was adapted and proposed as universal methodology
for the isolation and purification of EPS from complex matrices. By analysing the isolated EPS produced by
three different LAB strains fed with five different sugars, we concluded that EPS amount significantly differed
both among different strains and when the same strain was fed with different sugars.

An important point emerged from this work, related to the methodology used for extraction and
quantification of EPS. Despite the use of the official method for dietary fibres quantification to isolate EPS,
an unusual amount of residual co-precipitating nitrogen compounds was observed. A big portion of nitrogen
comes from proteins, highlighting their strict interaction with exopolysaccharides and the need of using
proteases to better purify EPS fraction. The use of amylolytic enzymes could be instead of particular relevance
to purify EPS released by LAB in cereal-based products, as for example in sourdough fermentation.

Finally, an extreme variability in sugars compositions and molecular weights of EPS was also observed,
depending on the strain and the carbon source too. These strong differences suggest that is of outmost
importance to determine the molecular structure of EPS, because differences in terms of monosaccharide
composition and Mw fraction could in turn differently impact on their nutritional and technological

properties.
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ABSTRACT

By-products from the fruit supply chain have shown great potential to be valorised, due to their high content
of macronutrients, such as lipids, protein, and fibre. A mild enzymatic assisted extraction (EAE) involving the
use of a protease was tested to evaluate the feasibility of a cascade approach to fractionate the main fruit
by-products components. Protease from Bacillus licheniformis (the enzyme used in the AOAC 991.43 official
method for dietary fibre quantification) was used and, besides protein, the conditions of hydrolysis (60°C,
neutral pH, overnight) allowed to dissolve a portion of soluble fibres, which was then separated from the
solubilized peptide fraction through ethanol precipitation. Protein extraction yields were in the range 35-
93%, while soluble fibre extraction yield ranged from 0.6% to 71% depending on the by-product, suggesting
its applicability only for certain substrates, and was found negatively correlated with the molecular weight
of the fibre. The monosaccharide composition of the soluble fibres extracted was also diverse. Galacturonic
acid was present in low amount, indicating that pectin were not efficiently extracted. On the other hand, a
predominance of arabinose and galactose monomers was detected in many fractions, indicating the isolation
of a fruit soluble fibre portion with potential similarity with arabinogalactans and gum arabic, opening
perspectives for technological applications. The residual solid pellet obtained after protease assisted
extraction was characterized aiming to understand its further potential uses, and it was found to still be an
excellent fibre-rich substrate, suitable for being subjected to more “hard” processing (e.g. sequential pectin
and hemicellulose extraction) with the objective to derive other fractions with potential great added
economic value.
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1. Introduction

The global food waste generation, estimated at 1.3 billion tons/year by FAO [1], and the limited availability
of natural resources have led to investigate on more sustainable strategies to recover valuable products from
different waste streams such as agri-food residues [2]. Among these, fruit processing waste (FPW) (e.g., peels,
pods, seeds, skins, etc.) accounts till 45% of the total fresh weight, generating around 3.3 billion tons of
carbon dioxide each year, due to decomposition inside landfills or incinerators [3,4]. Also, this incorrect waste
management represents a loss of valuable biomass and nutrients. Various compositional studies on FPW [5]
indeed suggested its potential utilization as substrate for biorefinery in the production of high-value
compounds. In particular, fruit seeds and kernels represent an ideal substrate to be valorised, being naturally
rich in nutrients (e.g., lipids, proteins, dietary fibres) and secondary metabolites (phytochemicals,
phytosterols) [6], in some cases, in concentrations potentially higher than those of other edible parts of the
fruit [7,8]. The application of cascade sustainable biorefinery processes to recover the most of these
compounds could meet two important challenges: from one side to give added value to the whole fruit
processing value chain, justifying the additional investment related to the new technologies, and from the
other side to face the increasing market request of valuable nutrients to formulate innovative products for
different high value applications. Despite this, development of fruit waste biorefineries is limited, mainly due
to the lack of information on feedstock availability, process design, and scale-up. Moreover, the presence of
potentially toxic substances in some kernels, as for example the cyanogenic glycoside amygdalin (D-
mandelonitrile-3-D-gentiobioside) naturally present in some fruits of Prunus genus (i.e., apricot, peach,

cherry, plum), have prevented until now the re-use of the whole kernel cake in the food industry [9].

Dietary fibres are certainly one of the most promising compounds to be extracted from fruit by-products,
because of their high quantity [10] and their beneficial effects on health. In particular fibres emerged as the
leading product segment in the Europe bioactive ingredients market and accounted for over 20% of the total
industry in 2015 [11]. Fibres, beside their fundamental role as technological additives, are also recognized as
an important part of healthy diet (by preventing cardiovascular diseases, obesity and diabetes) and the global
market for high fibre content foods has been estimated to be continuously growing, driven by the consumer

focus on health, wellbeing and increasing awareness on the benefits of fibre-rich diets [12].

At the same time, there is a growing need to study and develop more sustainable and innovative technologies
of extraction and fractionation, with lower environmental impact, energy consumption, waste production
and process contaminants. Among recent promising environmentally friendly methods, enzyme-assisted
extraction (EAE) is a green extraction method often performed at laboratory scale to disrupt the structural
integrity of the plant cell wall [3], thus enhancing the extraction of valuable nutrients, minimizing the use of

solvents and heat and preserving functional properties of the extracted biomolecules. Moreover, the lower
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total thermal impact on the biomass is expected to reduce the presence of other emerging process
contaminants, obtaining safer products. Hence, adapting the biorefinery strategy with integrated approaches
based on green (enzyme-assisted) methods would lead to products with significantly higher values compared

to the current applications of the fruit residual biomass.

In this context, this chapter is a part of a bigger research project financed by University of Parma (Research
Grant Azione C, 2020 and 2021), focusing on the valorisation through biorefinery approach of underexploited
fruit biomass streams, namely seeds, peels and kernels. The general aim was to investigate the molecular
composition of fruit by-products and to test mild EAE by using protease for the cascade recovery of nutrients
(especially protein and fibres), evaluating yields and chemical compositions of the various macromolecules
resulting from extraction and purification processes. In particular, this chapter deals with the purification and
chemical characterization of soluble dietary fibres simultaneously extracted with protein through EAE with
protease and with the investigation of the residual biomass composition obtained after this process, in a total

biorefinery perspective.

A plant-based diet and plant proteins are becoming more and more important to meet the nutritional
requirements of the growing human population, as well as to reduce the negative impact of food production
on the environment. On the other hand, eating more fibres is currently considered mandatory for a healthy
diet, despite the use of fibre rich integral plant foods pose technological and organoleptic problems, often
requiring fibre extraction and modification. This work is in the direction of giving a contribution to tackle this

current need of shifting food products and diets towards higher intakes of both plant protein and fibres.

2. Materials and methods

2.1. Reagents

D-glucose, D-fructose, D-arabinose, D-galactose, D-mannose, D-rhamnose, D-ribose, D-xylose, D-fucose, D-
galacturonic acid, D-glucuronic acid, phenyl B-D-glucopyranoside, dimethylformamide (DMF), trifluoroacetic
acid (TFA), ammonium hydroxyde and N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) were purchased
from Sigma-Aldrich (Taufkirchen, Germany); ethanol was purchased from Carlo Erba (Milan, Italy); bidistilled
water was obtained using Milli-Q System (Millipore, Bedford, MA, USA), while methanol from VWR

International (Milan, ltaly).
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2.2. Fruit by-products collection and characterization

The analyses were carried out on fruit-derived by-products samples. The latter were either purchased or
supplied by fruit and vegetable processing companies. In detail, samples comprised different fruit by-product
covering different species and characteristics: stone fruits of the Prunus genus as apricot kernel (Prunus
Armeniaca), cherry kernel (Prunus Avium), peach Kernel (Prunus persica) and mango seeds (Mangifera indica
L.), citrus fruits as orange peel and seed (Citrus X sinensis), lemon seeds and lemon peels (Citrus limon), and

finally a less common specie of the Rosaceae family, namely loquar kernel (Eriobtria japonica).

Samples were treated with liquid nitrogen and milled through laboratory blenders and then characterized in
terms of proximate composition according to official methods of analysis [13]. Moisture was determined in
an oven at 105 °C for 24 h. Total ash was determined through mineralization at 550 °C for 5 h. Proteins were
determined with a Kjeldahl system (DKL heating digestor and UDK 139 semiautomatic distillation unit, VELP
SCIENTIFICA) by using 6.25 as nitrogen-to-protein conversion factor. Total and soluble fibre content were

determined by the AOAC 991.43 official enzymatic-gravimetric method for dietary fibres [14].

2.3. Protease assisted extraction

20 g of each sample underwent enzymatic assisted extraction (EAE) with the employment of an alcalase of
microbial origin, namely protease from Bacillus licheniformis (EC 3.4.21.62). The EAE was performed for each
fruit by-product at the optimal conditions of temperature and pH for the enzyme (60°C and pH 7.5,
respectively). An enzyme/substrate ratio of 1:100 (w/w) was mixed with a phosphate buffer solution (10 mM
Na,HPO4/NaH,P04) and hydrolysed overnight (12 hours), then heated at 90 °C for 10 min to inactivate the
enzyme. The hydrolysed substrate was centrifuged at 3900 rpm at 4 °C for 40 min and three fractions were
obtained: an insoluble precipitate (pellet), an aqueous supernatant and a portion of lipid fraction on the
surface. The top surfaced oil (when present) was directly recovered. The solid residue (pellet) was recovered
and characterized in terms of proximate composition (oil, protein and total dietary fibre) as described in
paragraph 2.5. Ethanol (95% v/v ) was then added to the supernatant in a 4:1 ratio in order to get the
precipitation of soluble fibre that had been simultaneously extracted from the matrices along with
proteins/peptides. Proteins were then purified from the precipitated soluble fibres by centrifugation (3900
rom, 4 °C, 30 min). Then, the supernatant was recovered to determine total nitrogen and the pellet
constituted by the alcohol insoluble residue was recovered, washed again with ethanol and characterized

according to paragraph 2.4. The process workflow is represented in Figure 3.1.
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Figure 3.1: Representation of the whole fractionation process. Red rectangles highlight the parts of it that are treated
in the present chapter.

2.4. Characterization of soluble fibre

2.4.1. Residual ash and protein

The soluble fibres extracted were characterized in terms of purity by quantifying the total protein and ash

content. Official methods were used, according to paragraph 2.2.
2.4.2. Monosaccharide composition

The total quantity of soluble fibres obtained after precipitation through ethanol addition to the supernatant,
as well as their monosaccharide composition, was investigated for every sample. The analysis was performed
following a method proposed in literature with some modifications [15], as already reported in Chapter 2,

paragraph 2.3 of this dissertation.
2.4.3. Molecular weight

The molecular weight of soluble fibres was also evaluated, in order to understand their potential use in the
food supply chain, through High-Performance Size-Exclusion Chromatography coupled with Refractive Index
Detector (HPSEC-RID). The samples were dissolved in ultrapure water at a concentration of 10000 ppm, then
centrifuged at 7000 rpm for 20 minutes at 4 °C and finally filtered through a 0.45 um nylon membrane. An
Agilent 1260 Infinity Il LC system equipped with a refractive index detector (RID) (Agilent, Santa Clara, CA,
USA) was used. Ultrapure water was also used as eluent, at a flow rate equal to 0.7 mL/min, and a PL aquagel-
OH mixed-M column, 7.5 x 300 mm, 8 um was employed for the separation (Agilent, Santa Clara, CA, USA).

The injection sample volume was set at 10 pL, column temperature 30 °C and RID temperature 35 °C.
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Standard pullulans having known molecular weight ranging from 6,000 to 200,000 Da were used for the

calibration curve.

2.5. Proximate composition of residual pellet after EAE

A residual pellet was obtained on the bottom of the tube after EAE (Figure 3.1). This pellet was characterized
in terms of proximate composition, namely dry weight, residual proteins, lipids, ash, and total dietary fibre.

Official methods were used to quantify all the components, as already reported in paragraph 2.2.

2.6. Determination of extractions yields

The total yield of soluble fibre obtained after ethanol precipitation was determined as percentage (%) which
was calculated by dividing the sum of monosaccharides determined in paragraph 2.4.2 by the absolute

amount of soluble fibre of the starting material determined by AOAC gravimetric method.

The enzymatic extraction yields (%) of proteins were calculated by comparing the total nitrogen after the
enzymatic hydrolysis in the supernatant and the total nitrogen determined before the proteolysis in the raw

materials.

3. Results and discussion

3.1. Proximate composition of the raw materials (fruit by-products)

The fruit by-products compositional analysis is of great importance for their further exploitation. As reported
in Table 3.1, the proximate composition (ash, protein, lipids, soluble, insoluble, and total fibres) of the
different raw materials (seeds, kernels, and peels) considered in this study revealed different nutritional
contents based on the fruit type/category.

The protein fraction accounted for about 3-15 % on dry matter basis, and especially lemon seeds resulted as
a good source of protein (15.3 + 0.2), whereas peach kernels had the lowest content (< 3%). Fruit
seeds/kernels mainly turned out to be good sources of dietary fibre, as previously documented [10]. Stone
fruits of Prunus genus as peach, cherry and apricot were found to be the richest in total dietary fibre (ranging
between 76.9% and 88.9%), and among them cherry kernels also contained good quantities of soluble fibre
(6.5%). Lemon seeds resulted on par with stone fruit with a percentage of 75.9% of total fibre (of which about
4% was represented by soluble fibre). Citrus peels contained very high amount of soluble fibre (around 20%)

likely due to the contribute of pectin fraction. Compared to these percentages, total fibre was lower in mango
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seeds and loquar kernels, but the latter had a well-balance proportion between soluble and insoluble

fractions.

Digestible carbohydrates (of which percentage values were obtained by difference) represented the major
nutrients in mango seeds and loquar kernels, thus being potential energy food sources. On the other hand,
the potential presence of starch could interfere with soluble fibre purification after protease assisted
extraction. In mango seeds, the presence of starch has been confirmed by Patifio-Rodriguez and colleagues,
who determined a concentration close to 30% within the same by-products [16]. No studies were found in

literature regarding the presence of starch in the other seeds and kernels considered in this work.

Table 3.1: Proximate composition of fruit by-products as such, namely ground seeds, kernels and peels, expressed as
percentage on dry matter (%DM). “Others” = obtained by difference, comprising digestible carbohydrates. Results are
the mean of two replicate analyses, CV%<8%.

Total fibre Insoluble Soluble fibre

Ash Proteins Lipids (TDF) fibre (IDF) (SDF) Others
Lemon peels 4.29 7.26 1.62 58.42 37.70 20.72 28.40
Lemon seeds 2.45 15.27 6.37 75.91 75.43 3.92 trace
Mango seeds 191 5.11 7.32 37.07 35.97 1.11 48.57
Peach kernels 1.39 2.95 4.29 76.90 76.46 0.44 13.46
Loquar kernels 2.74 6.08 1.12 27.01 14.89 12.11 63.04
Cherry kernels 1.48 4.54 7.42 80.90 74.38 6.54 5.64
Apricot kernels 0.95 5.03 5.04 88.90 4.64 0.41 trace
Orange peels/seeds 5.56 4.84 1.91 59.68 26.65 33.03 28.01

3.2. Yield determination for soluble fibre and protein after protease assisted extraction

As already mentioned, one of the purposes of this chapter was to simultaneously recover through a mild
process (namely EAE with protease from Bacillus licheniformis at 60 °C) fruit protein as a novel potential
source of plant protein, and if possible even a portion of the soluble fibre. Ethanol was then added to the
supernatant obtained in order to precipitate soluble fibres eventually present in the solution, with the double
aim to purify protein fraction and simultaneously recover the soluble fibre portion. After protease reaction
and ethanol addition, the fruit proteins were recovered in the form of protein hydrolysates in the hydro-
alcoholic supernatant. Ethanol may cause the co-precipitation together with fibres of starch, when present
in the starting material [17]. The use of amylolytic enzymes, resembling conditions used for gravimetric

quantification of soluble fibres [14] could be therefore appropriate, but was excluded in this study due to the
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need to have a protein fraction as pure as possible. Amylase and amyloglucosidase could be used, if needed,

directly on the soluble fibre extract.

Table 3.2 shows the extraction yields, expressed as a percentage, of protein and soluble fibres in the eight
samples considered. Regarding protein fraction, yields were on average high (60%), suggesting the good
activity of the protease employed also on recalcitrant residues as lignocellulosic seeds/kernels. The maximum
values were obtained for citrus fruit peels (80 and 93% for orange and lemon peels, respectively), whereas

the minimum yield (35 + 2 %) was determined for loquar kernels.

The quantity of soluble fibre in the ethanol precipitates was determined by the sum of the single
monosaccharides freed up following acid hydrolysis (see paragraph 2.4.2). It was found that the protease
assisted extraction had excellent extraction yields not only for protein but also for soluble fibres in some
samples, namely cherry kernels (71%), peach kernels (54%), mango seeds (33%) and orange peels (30%). On
the contrary, in other samples significantly lower extraction yields were obtained, as in the case of loquar
(1.7%) and apricot kernels (1.2%), suggesting different characteristics of the soluble fibres or likely their
different interactions and bond with the lignocellulosic structures. De Albuquerque and colleagues
performed a similar experiment, evaluating the effectiveness of "mild" extractions in various tropical fruits
by-products. After carrying out a "mild" extraction, using distilled water as a solvent at a temperature of 90-
95 °C, at atmospheric pressure and pH around neutrality, the authors quantified the soluble fibre content in
the extract, and also in that case the quantity of fibres extracted from mango by-products was significantly
greater than in other samples examined, followed by orange, while for passion fruit and acerola these
quantities were found to be very low [18]. The extraction yields obtained by De Albuquerque’s group are on
average higher than the ones in the present work, but this is not surprising since different extraction
temperatures were used (90 °C against 60 °C); indeed, the primary objective of our process was the extraction
of proteins.
Table 3.2: Extraction yields, expressed in percentage, of soluble fibres (determined from total monosaccharide

composition) and solubilized protein (determined by Kjeldahl method on the supernatant). Values are mean * SD of
replicates of independent extraction.

Extraction yield of protein (% Extraction yield of soluble fibres (%
respect to the total protein in the respect to the total soluble fibre in the
raw sample) raw sample)

Lemon peels 93+7 6t1

Lemon seeds 502 9+1

Mango seeds 42+6 332

Peach kernels 64+1 54+2
Loquar kernels 352 1.6+03

Cherry kernels 702 715
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Apricot kernels 47 £1 1.3+04

Orange peels and seeds 80+2 29.8+0.2

However, since the potential re-use of soluble fibres strictly depends on the chemical structure which affects
their functional properties, their structural features were further investigated in terms of molecular weight

and monosaccharide composition.

3.3. Molecular weight of soluble fibres

The molecular weight of soluble fibre extracted from fruit by-products through EAE was investigated by High-
Performance Size-Exclusion Chromatography coupled with a Refractive Index Detector (HPSEC-RID). The

results are shown in Table 3.3.

Table 3.3: Molecular weight distribution of soluble fibre extracted by EAE from different fruit by-products.

Molecular weight (kDa)

<6 15-20 96- 100 > 200
Peak area (%)

Lemon peels 2 8 - 90
Lemon seeds 5 - 19 76
Mango seeds 70 - - 30
Peach kernels 96 - - 4
Loquar kernels 21 - - 79
Cherry kernels 3 - - 97
Apricot kernels 32 - - 68
Orange peels and seeds 72 - - 28

From Table 3.3, it can be seen that all the samples were composed mainly of low molecular weight
polysaccharides, lower than 6 kDa, or high molecular weight polysaccharides, higher than 200 kDa. Mango,
peach, and orange by-products turned out to consist mainly of low molecular weight molecules, which could
explain the higher extraction yield obtained for these matrices. In contrast, loquar and cherry kernels and

lemon peels and seeds turn out to be composed mainly of high molecular weight polymers.

Fractions with intermediate molecular weights were detected only in the samples derived from lemon peels
and seeds. The soluble fibre extracted from lemon seeds turned out to be composed for 19% of polymers
with a molecular weight in the range of 95 to 100 KDa, while the precipitate obtained from the peels was

made of molecules with a molecular weight ranging from 15 to 20 kDa for 8% of the total area.

It is well known that the molecular weight of polysaccharides has consequences for their physicochemical,

physiological and biological properties. In particular, molecular weight is strictly related to viscosity, which
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increases as the chain length. Therefore, biological and physiological activities positively associated with
viscosity, such as antimicrobial and cholesterol-lowering activity [19], improve in a directly proportional
manner with chain length. In addition, it has been proposed that the antioxidant property might be related
to the molecular weight of polymers, being possibly influenced by the number of hydroxyl and hemiacetal
groups of the polymer [19]. Molecular weight also affects the technological properties of carbohydrates: to
report an example, B-glucans of different sizes affected breadmaking ability, increasing water binding
capacity, and modified the texture and the ability to stabilize emulsions [20]. The presence of molecules with
different molecular weights could be the starting point of possible future strategies for the preparative

separation of polymers on the basis of this feature, in order to be able to exploit them according to their

functional properties.
3.4. Monosaccharide composition

The characterization of soluble fibre was also carried out in terms of their monosaccharide profile by GC-MS.
Although this technique does not provide a full understanding of the chemical structure of the molecule, it
gives important information about which monomers make up the polysaccharide, both in qualitative and
guantitative terms. Histograms in Figure 3.2 and Figure 3.3 show this composition for the eight fruit by-
products considered in this study. The determination of monosaccharide composition for each sample was

performed in duplicate, and the results are reported as mean * standard deviation.
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Figure 3.2: Sugar composition (expressed as g sugar/100 g total sugars) of four fruit by-products, namely lemon and
orange seeds and peels, and mango seeds.

58



Chapter 3

Peach kernels Loquar kernels

10

g/100g sugars
(SR

Cherry kernels Apricot kernels

8

g/100gsugars

g/100g sugars
I
3
|
B
o ik

|

R

I

B

k

-

g

Figure 3.3: Sugar composition (expressed as g sugar/100 g total sugars) of four fruit by-products, namely peach,
loquar, cherry and apricot kernels.

Soluble fibre of loquar kernels and mango seeds were the only ones containing glucose as main
monosaccharides, suggesting a potential significant presence of starch that needs to be further evaluated in
terms of purification process, as highlighted in paragraph 3.1. In Citrus fruit samples (Figure 3.2), namely
orange by-products and lemon peels and seeds, the most present monosaccharides were arabinose (25-50%)
and galactose (25-35%), followed by galacturonic acid (10-25%). A higher concentration of uronic acids was
expected. The latter, in fact, accounts for about 65% of the monosaccharides present in citrus peels [21], as
it is the main constituent of pectin, a polysaccharide known to be present in high concentration in these by-
products. However, it is important to underline that the methods generally used for pectin extraction involve
diverse temperature and pH conditions, namely 80 °C and pH 2 [22], quite far from those used during the
EAE used in our work. So, it is evident that the "mild" extraction methodology tested here is not totally
suitable for pectin extraction. On the other hand, the protease assisted extraction allowed to isolate from
citrus fruits by-products a specific fraction of soluble fibre that is rich in arabinose and galactose, with possible

specific applications.

More in general, arabinose and galactose were the two main monomers in almost every sample, excluding
mango seeds and loquar kernels. In fact, their sum accounted for 82% of total sugars in orange by-products,

for 65% in peach kernels, for 60% in lemon seeds and for 51% in lemon peels, suggesting the presence of
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arabinogalactans as the main soluble fibre extracted in the conditions used. It has been indeed reported that
arabinogalactans, unlike pectin, have better extraction yields at low temperatures and neutral pH, as
obtained by Hamed and colleagues [23]. According to literature, the presence of arabinogalactans has been
shown in the pulp of peach [24], in pistachio shells [23], and in general in different fruit parts, such as apples
[25], prickly pear peels [26], and carambola (starfruit) [27]. Arabinogalactans are polysaccharides having
molecular weight of about 58 kDa [28], composed mainly of galactose and arabinose and sometimes with
lower amount of rhamnose and glucose units [23]. The presence of high molecular weight molecules within
all the analysed samples (Table 3.3) could be associated with the presence of polymers similar to gum arabic,
which have been reported to have molecular weights in the range of 312-950 kDa and arabinose and
galactose as prevalent monosaccharides [29]. In plants, arabinogalactans are often bound to proteins and
represent the major proteoglycans within plant cell walls, and gum arabic is indeed made of arabinogalactans
(AG) and arabinogalactan-protein (AGP) complexes [30]. The proximate composition of the soluble fruit fibre
fractions extracted in this work was also investigated and turned out, on average and respect to the dry
matter, to be made of 50% fibres, 30% proteins and 20% ash, indeed demonstrating a significant amount of
protein in the soluble fibre fraction as for gum arabic. However, the percentage of residual protein is quite
high and it cannot be exclusively attributed to glycoproteins, also suggesting a small percentage of non-

hydrolysed proteins that co-precipitates with fibres after ethanol addition.

Although a lot of unusual new sources of arabinogalactans, including plant seeds, have been recently found
and summarized in a recent review [31], not many reports about their presence in fruit by-products are
present, especially when fruit kernels are considered. This work lays the foundation for future studies, which
could focus more on these by-products as a potential matrix for the recovery with good yields of this

polysaccharide, which in recent years has also attracted attention for its immunostimulatory activity [32].
3.5. Proximate composition of residual pellet

After the employment of EAE, a significant amount of residual solid fraction (from now on named as “pellet”)
remained (Figure 3.1). In order to understand the possibility to further valorise it, in a perspective of circular

economy and complete fractionation, a characterization of its components was performed in terms of dry

matter, lipids, proteins, ash and total fibres. The pie charts below (Figure 3.4) report the results obtained.
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Figure 3.4: Proximate composition of the residual pellets remained after EAE. Each analysis was performed in duplicate
and the results are expressed as their mean and as percentage on dry matter (%DM). The percentage of "other" was
calculated by difference from 100.

Results showed that all the residual pellets, with the exception of loquar kernels, were composed mainly of
fibre. On average, seven samples out of eight presented a quantity of dietary fibre in the range 50-90%. These
fibres are mainly insoluble (see Table 3.1), and since not the whole amount of soluble fibres was extracted
during EAE (see Table 3.2), some residual soluble fibres are certainly also included in this portion. Since most
of the samples examined are definable as lignocellulosic materials, it is assumed that most of this residual
fibre consists of hemicellulose, cellulose and lignin as major fractions, which certainly cannot be extracted
through a "mild" extraction like the EAE performed in the present work. These findings represent an
interesting starting point for future works: in fact, through the use of "harder" extractions, such as extractions
at higher temperatures and acid pH, it would be possible to recover pectin eventually present, and through
autohydrolysis treatments the extraction of hemicelluloses could be also carried out. Therefore, it would be
possible to further valorise these fruit and vegetable by-products, completing their fractionation and

satisfying the circular economy concept.

Regarding other compounds, the relative amount of protein present within the pellet still appears to be
significant, especially for lemon seeds, and for this reason further studies are needed to understand whether
the proteins are “free” and easily extractable in other media or complexed with other molecules. The lipid
fraction remained almost totally within the pellets: this is not surprising, since they are sometimes bound to
the matrix, and for a total extraction from seeds they should be treated with organic solvent, in some cases

also after acid treatment of the matrix, as for lipid extraction from raw cocoa beans [33].
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4. Conclusions

This work fits into the context of agri-food by-products valorisation, in the perspective of trying to contribute
to address issues regarding increased waste generation, environmental pollution and resource consumption.
Some scraps from the fruit and vegetable supply chain, namely peels, seeds, and kernels, were subjected to
enzymatic assisted extraction (EAE) with a protease aiming to simultaneously obtain proteins, lipids and

fibres.

As promising results, the enzymatic process based on the use of protease allowed to: i) recover proteins as
protein hydrolysates; ii) preserve the structural integrity of the soluble fibre, which was recovered from the
aqueous solution by ethanol precipitation, and the insoluble fibres, which mainly constituted the residual

pellet.

Soluble fibres were quantified aiming to calculate the extraction yield, and for cherry and peach kernels,
mango seeds and orange by-products very good yields were obtained (71%, 54%, 33% and 30%, respectively),
while scarce vyields were gained from the others. These soluble fibres were characterized in their
monosaccharide composition, and in many samples a dominant presence of arabinose and galactose
moieties was detected, suggesting a potential similarity with arabinogalactans. High molecular weight
polymers (> 201 kDa) were present in all samples, particularly in cherry, loquar, and apricot kernels and in
lemon seeds and peels; the high molecular weights together with the monosaccharide composition might
suggest the hypothesis of technological similarity of the obtained fibres with gum arabic. The presence of
low molecular weight polymers (< 6kDa) was also revealed, especially in mango seeds, peach kernels and
orange scraps. Since it is known how molecular weight affects certain technological and nutritional properties
of polymers, a future approach based on the separation of these fractions may be considered. Finally, the
study on the proximate composition of the residual pellets after EAE showed that even though they still
contained decent quantities of proteins and lipids, the main portion was constituted by fibres, namely
presumably cellulose, hemicellulose and lignin, but also the soluble fibres portion that was not extracted by
the mild enzymatic treatment employed. These results suggest the potentiality to further exploit the residual
pellet, employing harder treatment to extract more valuable compounds, in order to fully valorise a very

precious by-product that is today too much undervalued.
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CHAPTER 4

A multiplatform “reactomics” approach
as a powerful strategy to identify
reaction compounds generated during
hemicellulose hydrothermal extraction
from agro-food biomasses

The content of this chapter has also been submitted as:

Andrea Fuso, Laura Righetti, Franco Rosso, Ginevra Rosso, lleana Manera, Augusta Caligiani. A
multiplatform metabolomics/reactomics approach as a powerful strategy to identify reaction compounds
generated during hemicellulose hydrothermal extraction from agro-food biomasses.
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ABSTRACT

Hydrothermal treatment is commonly used for hemicelluloses extraction from lignocellulosic materials. In
this study, we thoroughly investigated with a novel approach the metabolomics of degradation compounds
formed when hazelnut shells are subjected to this type of treatment. Three different techniques were
combined, namely GC-MS, *H NMR, and UHPLC-IM-Q-TOF-MS. Organic acids, modified sugars and aromatic
compounds, likely to be the most abundant chemical classes, were detected by all techniques, while many
other molecules, like furans, polyols, N-heterocyclic compounds, aldehydes, ketones, and esters appeared
only when the chromatographic methods were employed. lon mobility-based LC-MS method, in particular,
was innovatively used for this purpose and could allow in the near future to create potentially useful datasets
for building specific databases relating to the formation of these compounds in different process conditions
and employing different matrices. This could be a very intelligent approach especially in a risk assessment
perspective.
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1. Introduction

In the last decades much attention has been paid in combatting the phenomenon of food waste, which
represents a big issue for ethical, environmental and economic reasons [1,2]. Among all foodstuffs, products
of vegetable origin, such as cereals, tubers, roots, fruit and vegetables, are those connected to the greatest
quantity of waste [3]. The composition of these wastes can be disparate, but according to a recent study
about 90% of plant biomass is represented by lignocellulosic material [4], which means that it is mainly
composed of lignin, hemicellulose and cellulose, in variable proportions. The valorization of these by-
products, due to the extraordinary structural complexity of the polymers present within them, cannot
disregard the principle of biorefinery, i.e., the separation of the individual biomass fractions for the
production of different components, such as biomolecules, biomaterials, bioenergy and biofuels [5]. In a
historical period in which consumer’s food choices are changing, moving towards healthier foods [6], dietary
fibres naturally play a fundamental role. For this reason, hemicelluloses in particular acquire an even greater
global interest, as also demonstrated by the exponential growth of studies on the subject over the years [7].
Indeed, hemicelluloses have a wide variety of applications: for instance, they can be easily transformed into
oligosaccharides with interesting bio-functional properties or further depolymerized into pentoses and
hexoses for subsequent conversion into bioethanol and chemical substances [8]. Hemicelluloses are
relatively small heteropolysaccharides (degree of polymerization 100-200 units), branched and made of five-
and six-carbon monosaccharide units, of which the most frequent are xylose, mannose, arabinose, galactose,
glucose and glucuronic acid, as well as acetyl groups [9,10]. These complex polymers were found to be linked
by hydrogen bonds and van der Waals interactions with cellulose, forming highly resistant networks [10], and
at the same time they interact with lignin through complex interactions, which are radical coupling of ferulate
substitutions and incorporation of hemicellulosic glycosyl residues by re-aromatization of lignification
intermediates [11]. Hence, to extract and isolate hemicelluloses, "strong" methods are needed, and the most
used combine high temperatures and high pressures. The most common in this sense is the hydrothermal
treatment (HT), also called autohydrolysis treatment, which consists in subjecting the matrix of interest to
extraction at 160 - 220 °C in water, kept in the liquid state thanks to the high pressures [12]. When such
treatment is applied, however, it is very likely to get the formation in the reaction medium of innumerable
undesired compounds, such as degradation products derived from lignin, sugars or proteins, as well as
monosaccharides, furans and organic acids [13]. The mechanism of formation of these compounds is
extremely complicated, since it is strictly related to the time/temperature conditions set, to the pH and to
the matrix. Depending on the reaction conditions, for example, glucose can be converted into 5-
(hydroxymethyl)-2-furaldehyde (HMF) and/or levulinic acid, formic acid and various phenolics at high
temperatures, while xylose can follow different reaction mechanisms originating furan-2-carbaldehyde
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(furfural) and/or various C-1 and C-4 compounds. Furthermore, monosaccharides can further react to form
pseudo-lignin, humine, aldehydes, ketones, organic acids or aromatic compounds [14]. Several studies have
shown how it was possible to vary the composition of the autohydrolysis liquor after HT in different
conditions, mainly in terms of furfural, HMF, acetic, formic and lactic acid content [8,15,16]. At the same
time, other research has shown that although some mechanisms are to date well understood, many other
metabolic pathways still remain unknown [17]. Therefore, since one of the main aims of reusing
hemicellulose from vegetable by-products is its transformation into healthy ingredients for food companies,
it is of enormous importance to further investigate the presence and the formation of all these compounds
that originate following HT, especially to evaluate them in terms of potential toxicity. This investigation must
be done both through the study and understanding of the reaction mechanisms, and through the
improvement of analytical techniques that allow their identification and quantification. In this complex
scenario, where multiple reaction pathways not fully understood led to very complicated mixtures of neo-
formed compounds, there is the need of combining different and complementary analytical approaches, to
further unravelling the reaction mechanisms and better characterize the composition of lignocellulose
hydrothermal extracts. To this aim, in the present work the molecular composition of the hydrothermal
extracts of hazelnut shells (HS) was studied using different metabolomics platform, namely *H NMR, GC-MS

and UHPLC-IM-Q-TOF-MS.
2. Materials and methods

2.1. Chemicals and reagents

HPLC-grade acetonitrile, ammonium formiate, trifluoroacetic acid (TFA), N,O-
Bis(trimethylsilyl)trifluoroacetamide (BSTFA), 3-(trimethylsilyl)propionate-d4 (TSP), D-glucose, D-fructose, D-
galactose, D-mannose, D-rhamnose, D-ribose, D-xylose, D-fucose, D-galacturonic acid, D-glucuronic acid, D-
glucosamine, D-galactosamine and phenyl-B-D-glucopyranoside were purchased from Sigma-Aldrich
(Taufkirchen, Germany); bidistilled water was obtained using Milli-Q System (Millipore, Bedford, MA, USA);
diethyl ether, hydrochloric acid and ethanol were purchased from Carlo Erba (Milan, Italy); D,O was bought
from VWR (Radnor, PA, USA); MS-grade formic acid from Fisher Chemical (Thermo Fisher Scientific Inc., San

Jose, CA, USA) was also used.

2.2.  Hydrothermal treatment of hazelnut shells

Hazelnut shells (HS) were kindly provided by Ferrero S.p.A. (Cuneo, Italy), finely ground and sieved with grain
size <500 um. The hydrothermal treatment (HT) was performed in a stainless-steel Parr reactor 4566 (Parr

Instrument Company, Moline, Illinois, USA) with an internal volume of 300 mL and internal cooling loop,
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equipped with Parr PDI for temperature control (model 4848). 5 g of ground sample were extracted with 125
mL of bidistilled water, and HT was carried out under isothermal conditions for 60 minutes at 175 °C. The
time to reach the working temperature was 30 min and the final relative pressure was 8.1 bar. After
treatment, the obtained solid and liquid phases were separated by centrifugation at 3900 rpm for 30 minutes
at 4 °C. Finally, the supernatant was collected and freeze-dried. All the following analyses described in the

next sections were performed on this sample.

2.3.  Proximate composition of HS extract

Proximate composition of HS extract was investigated using standard procedures [18]. Moisture was
determined by drying in oven at 105 °C for 24 h. Total ash was determined through mineralization at 550 °C
in two steps, each one lasting 5 h. Total nitrogen was determined with a Kjeldahl system (DKL heating digester
and UDK 139 semiautomatic distillation unit, VELP SCIENTIFICA) using 6.25 as a nitrogen-to-protein
conversion factor. Lipid content was determined using a Soxhlet extractor (SER 148/3 VELP SCIENTIFICA,

Usmate Velate, Italy) employing diethyl ether as extracting solvent.

Total sugars and monosaccharide distribution were investigated following a protocol previously proposed by
Xia et al. with some modifications [19]. Briefly, 10 mg of sample were dissolved in 3 mL of 2N trifluoroacetic
acid (TFA) and hydrolysed at 110 °C for 2 hours under stirring. Then, 900 pL of the solution were withdrawn
and put together with 150 uL of 1000 ppm phenyl-B-D-glucopyranoside, used as internal standard, and then
evaporated by rotavapor. The obtained dried hydrolysate was washed with 1 mL of methanol to remove the
residue of TFA and evaporated again. 1 mL of 0.5 M NH4OH was subsequently added to delactonize the
eventually present acid sugar lactones in the sample, and again evaporated by rotavapor. Finally, the dried
hydrolysate was dissolved in 800 pL of dimethylformamide (DMF) and 200 pL of N,O-
Bis(trimethylsilyl)trifluoroacetamide (BSTFA), the latter used as derivatizing agent. The reaction was held for
1 hour at 60 °C and finally the derivatized sample was injected in gaschromatography. GC-MS analysis of
monosaccharides was performed with a 6890 N gas chromatograph coupled to a 5973 N mass selective
detector (Agilent technologies, Santa Clara, CA). A SLB-5ms, 30 m x 0.25 mm, 0.25 pum thickness column
(Supelco, Bellafonte, PA, USA) was used. The chromatogram was recorded in the scan mode (40-500 m/z)
with a programmed temperature from 60 °C to 270 °C. The initial temperature was 60 °C, held for 2 minutes,
then increased to 160 °C at a rate of 10 °C/min, held isothermal for 5 minutes, increased to 220 °C at a rate
of 10 °C/min, kept for 5 minutes, increased to 270 °C at a rate of 20 °C/min and maintained for 5 minutes.
Quantification was performed with a response factor, considering the area and concentration ratios between
the internal standard (phenyl-B-D-glucopyranoside), and the following monosaccharides: D-glucose, D-
fructose, D-galactose, D-mannose, D-rhamnose, D-ribose, D-xylose, D-fucose, D-galacturonic acid, D-

glucuronic acid, D-glucosamine and D-galactosamine.
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2.4. Gaschromatography-mass spectrometry (GC-MS) analysis

The protocol for samples preparation before GC-MS analysis is represented in Figure 4.1. Briefly, 300 mg of
sample were weighted and added to 6 mL of water and the extraction was carried out at 50 °C for 2 hours.
Later, the sample was split in three different 2 mL aliquots: the first (“H.0”) was simply analyzed after putting
200 pl in a round-bottomed flask containing 65 pL of 1160 ppm phenyl-B-glucopyranoside, used as standard.
In both the second and third aliquot, 8 mL of ethanol were firstly added to make the fibres to precipitate.
The solutions were thoroughly mixed and centrifuged at 4 °C and 3900 rpm for 25 minutes. Later, in the
second aliquot (“EtOH”) about 1700 uL of the supernatant were withdrawn and put together with 65 pL of
1160 ppm phenyl-B-glucopyranoside in a new round-bottomed flask. In the third aliquot (“HCI”), 3 mL of the
supernatant obtained after centrifugation were withdrawn, put in a new round-bottomed flask and dried by
rotavapor, then here 2 mL of 4N HCl were added, and the solution was allowed to stand at 100 °C for 3 hours
under stirring. At the end of the reaction, the same amount of phenyl-B-glucopyranoside used in the other
experiments was added. Finally, the three solutions were dried by rotavapor, then derivatized by adding 800
puL of DMF and 200 pL of N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA), the latter used as derivatizing

agent, and allowing the reaction to stand for 1 h at 60 °C before being injected in GC-MS.

GC-MS analysis of the degradation products originated from the HT was performed with a 6890 N gas
chromatograph coupled to a 5973 N mass selective detector (Agilent technologies, Santa Clara, CA). A SLB-
5ms, 30 m x 0.25 mm, 0.25 um thickness column (Supelco, Bellafonte, PA, USA) was used. The mass
spectrometer operated in the electron impact (El) ionization mode (70 eV) and the ion source temperature
was set at 230 °C. The chromatogram was recorded in the scan mode (50-800 m/z) with a programmed
temperature from 60 °C to 270 °C. The initial temperature was 60 °C, held for 2 minutes, then increased to
160 °C at a rate of 10 °C/min, held isothermal for 10 minutes, increased to 220 °C at a rate of 10 °C/min, kept
for 5 minutes, increased to 270 °C at a rate of 20 °C/min and maintained for 15 minutes. A semi-quantification

of each analyte identified was performed, according to the following formula:

*
Area analyte ¥ PPM phenyl-B-D-glucopyranoside

PPM analyte=
Area phenyl-B-D-glucopyranoside

The identification of the various compounds was performed comparing mass spectra with WILEY library data.
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Figure 4.1: Representation of samples preparation before *H NMR, GC-MS and UHPLC-IM-Q-TOF-MS analysis.

2.5.  H NMR analysis

An aqueous extract of the freeze-dried extract obtained after hydrothermal treatment of HS was analysed
through *H NMR. Briefly, 200 mg of sample were added to 2 mL D,0 together with 100 puL of 2210 ppm TSP
dissolved in D;0, and the extraction was performed under stirring at 50 °C for 2 hours. Then, the solution was
centrifuged at 4 °C and 3900 rpm for 25 minutes and subsequently filtered through a 0.45 pm nylon

membrane ina 5 mm NMR tube (Figure 4.1).

H NMR spectra were recorded on a Bruker Avance lll 400 MHz NMR Spectrometer (Bruker BioSpin,
Rheinstetten, Karlsruhe, Germany) operating at a magnetic field-strength of 9.4T. A 1D 1H NOESY sequence,
previously optimized to remove the residual water signal with minimal affection of the baseline, was utilized
for water suppression [20]. Spectra were acquired at 298 K, with 32 K complex points, using a 90° pulse length
and 5 s of relaxation delay (d1). 128 scans were acquired with a spectral width of 20 ppm, an acquisition time
of 1.707 s, 8 dummy scans and a mixing time of 0.010 s. The complete relaxation of the protons obtained
during acquisition time and relaxation delay allowed to use integrals for quantitative purposes. Figure 4.2
reports the main spectral zones assigned to different classes of compounds found in hydrothermal extracts
of hazelnut shells. The same zones were integrated and used for a preliminary crude quantification of the
different compounds. Acetyl groups deriving from free acetate and substituted sugars (mainly acetylated
xylans) were quantified integrating the spectral zone 1.92-2.34 ppm. Total aromatic compounds were

determined from the integration of the whole zone 5.97-7.78 and expressed as phenylpropanoids. The signal
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of formic acid at 8.45 was integrated as determinant indicative of a part of degraded sugars according to the

mechanism of levulinic acid formation [21].
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Figure 4.2: 1D *H-NOESY NMR spectrum (400 MHz, D.0) of the HS fibre solubilized in D>0.

2.6.  Ultra-high-performance liquid chromatography - lon mobility — quadrupole time-
of-flight — mass spectrometry (UHPLC-IM-Q-TOF-MS) analysis

The reaction products originated from hydrothermal treatment of HS were further identified through UHPLC-
IM-Q-TOF-MS. The sample was simply dissolved in water and analysed (Figure 4.1). Specifically, 1 mg of the

freeze-dried extract obtained after HT was dissolved in 1 mL of MilliQ water.
2.6.1. UHPLC- TWIMS-QTOF analysis

ACQUITY I-Class UHPLC separation system coupled to a VION IMS QTOF mass spectrometer (Waters,
Wilmslow, UK) equipped with an electrospray ionization (ESI) interface was employed. Samples were injected
(2 pL) and chromatographically separated using a reversed-phase ACQUITY Premier HSS T3 column 2.1 x 100
mm, 1.8 um particle size (Waters, Milford, MA, USA). A gradient profile was applied using water 5mM
ammonium formiate (eluent A) and acetonitrile (eluent B) both acidified with 0.1% formic acid as mobile
phases. Initial conditions were set at 2% B, after 3 min of isocratic step, a linear change to 100% B was
achieved in 12 min and holding for 5 min to allow for column washing before returning to initial conditions.
Column recondition was achieved over 3 min, providing a total run time of 23 min. The column was

maintained at 45 °C and a flow rate of 0.35 mL/min used.

Mass spectrometry data were collected in positive and negative electrospray mode over the mass range of
m/z 50-1100. Source settings were maintained using a capillary voltage, 2.5 kV and 2 kV for positive and
negative ESI modes, respectively; source temperature, 150 °C; desolvation temperature, 500 °C and

desolvation gas flow, 950 L/h. The TOF analyzer was operated in sensitivity mode and data acquired using
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HDMSE, which is a data independent approach (DIA) coupled with ion mobility. The optimized ion mobility
settings included: nitrogen flow rate, 90 mL/min (3.2 mbar); wave velocity 650 m/s and wave height, 40 V.
Device within the Vion was calibrated using the Major Mix IMS calibration kit (Waters, Wilmslow, UK) to allow
for collisional cross section (CCS) values to be determined in nitrogen. The calibration covered the CCS range
from 130-306 A2. The TOF was also calibrated prior to data acquisition and covered the mass range from 151
Da to 1013 Da. TOF and CCS calibrations were performed for both positive and negative ion mode. Data

acquisition was conducted using UNIFI 1.8 (Waters, Wilmslow, UK).

2.6.2. Data Processing

Data processing and compound identification were conducted using Progenesis Ql Informatics (Nonlinear
Dynamics, Newcastle, UK). Each UHPLC-MS run was imported as an ion-intensity map, including m/z and
retention time, that were then aligned in the retention-time direction (0—20 min). From the aligned runs, an
aggregate run representing the compounds in all samples was used for peak picking. This aggregate was then
compared with all runs, so that the same ions were detected in every run. Isotope and adduct deconvolution
were applied, to reduce the number of features detected. Metabolites were identified by publicly available
database searchesincluding Lipid Metabolites and Pathways Strategy (LIPID MAPS) [22], Human Metabolome

database (HMDB) [23], and METLIN [24], as well as by fragmentation patterns, retention times, and CCS.
3. Results and discussion

3.1. Proximate composition of HS extract

After undergoing the HT and before studying the degradation compounds originated from it, both proximate
composition and monosaccharide distribution of the freeze-dried extract was investigated. Results are

reported in Table 4.1.

Table 4.1: Proximate composition and fibre’s monosaccharide distribution of the freeze-dried extract obtained

following HT of HS.
Proximate composition (g/100 g

of freeze-dried HT extract) Method

Moisture 24+0.1
Lipids 1.0+04 AOAC official method [18]
Proteins 3.0+£0.5
Ash 9.3+0.2
Total monosaccharides 49.3+3.1 GC-MS and *H NMR

Total acetyl groups 8.0+£0.7

Total aromatic compounds
(expressed as 5.0+0.7 'H NMR
phenylpropanoids)
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Degraded sugars 1.1+0.1

Monosaccharide distribution
(g/100 g monosaccharides)

Arabinose 8.1+1.2
Rhamnose 6.0+£0.8
Xylose 63.4+1.3
Galactose 44+04 GC-MS
Glucose 1.4+0.3
Galacturonic acid 8.0+£1.6

Glucuronic acid +

+
4-0-methylglucuronic acid 8.7+15

As expected, this sample was predominantly made of sugars, which accounted for half of its fresh weight
(see Table 4.1). As concerns monosaccharide distribution of the fibres extracted, they were mainly made of
xylose (63%). Other sugars, such as arabinose and glucuronic acid, were also present probably as substituents
along the xylose-based chain, as often happens in xylans extracted from lignocellulosic matrices [25]. Finally,
galacturonic acid and glucose could be derived from pectin and cellulose fractions, while rhamnose and

galactose could derive from pectin as well [26].

A relevant amount of ash, equal to 9%, was also found, while proteins and lipids were quite lower (3% and
1%, respectively). Interestingly, the sum of moisture, proteins, lipids, ash and total sugars accounted for only
65%. By *H NMR analysis it was also possible to investigate the amount of acetyl groups attached to the xylan
backbone, and to estimate both the aromatic compounds, derived from lignin and calculated as
phenylpropanoids, as well as the sugars chemically modified by thermal degradation, overall reaching a total
sum of about 80%. However, about one-fifth of the percentage by weight of the gross composition remained
uncharacterized and most likely constituted by neo-formation compounds risen from polysaccharides and
lignin during the thermal process. In the effort of characterizing as much as possible these process-derived

compounds, different analytical methods have been applied, as reported in the following paragraphs.

3.2. GC-MS analysis

Following GC-MS analysis carried out on the sample treated in three different ways (Figure 4.1),
compounds identification was carried out by comparing the mass spectra of the trimethylsilyl (TMS)
derivatives with Wiley275 library. A total of 54 compounds were selected and integrated as they are likely

to be derived from HT (Table 4.2).
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Table 4.2: List of compounds originated after HT, identified and semi-quantified by GC-MS.

Peak . Main MS peaks of TMS derivatives  Identificat Semi-quantitative amount
numb A Compound . Pathway
or (min) (m/z) ion score
(g/100 g initial sample)
Acid
Water Hydrolyse
W‘:te Extract d-Water
after Extract
Excttra Fibre after
(“H:0 Precipitat Fibre
,,)2 ion Precipitat
(“EtOH”) ion
(“HCP")
Organic acids
Glucose
1 688 Lacticacid 73,117,147,219,190 74 ox'f:\tl\'lon/ 0‘25 0.029 0.136
material
2 715 Glycolic acid 73,147,177,205 78 Szr;a':'s 0‘34 0.004 0.113
2- From 0.01
3 8.02  ketogluconic 73,103,117,147,189,204 59 sugar '9 0.013 ND
acid oxidation
. . From
4 8.11  Levulinic acid 73,75,131,145,173 93 sugars ND ND 0.012
3- Aromatic
6 8.24  hydroxypropi 73,147,177,219 59 compound ND 0.007 ND
onic acid s oxidation
10.7 > From 0.01
10 ’ hydroxyvaleri 73,75,147,172,247, 86 ’ ND 0.020
4 . sugars 1
c acid
2,3-dihydroxy
10. | |
11 199 propanoic 73,103,147,189,205,292,307 83 Glycerol =5 ND 0.008
4 . derivative
acid
11.0 2 From
12 ' hydroxyhexa 73,147,159,190,233,261 78 ND ND 0.011
2 . . sugars
noic acid
Total organic acids 0;2 0.053 0.300
Aromatic compounds
.32
7 9.83 Benzoic acid 51,77,105,135,179,194 86 Lignin Og 0.420 0.161
23. - i .01
g 235 3Vanilyl 73,179,192,206,221,236,311,326 83 Lignin 0.0 0.024 0.011
6 propanol 0
a5 236 3ddihydroxy g os 593,267,281,311,355,370 99 Lignin ND ND 0.062

7 benzoic acid
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g 262 Ahydroxy 73,147,179,193,237,251,267 59 tgnin %% 0002 0.001
7 mandelic acid 1
Raw
6.8 material?- 0.02
32 s Gallic acid 73,179,281,311,355,399,443,458 99 released 5 0.006 0.091
after acid
hydrolysis
34 22'7 Va”"?gl‘a"ed 73,147,223,267,297 90 Lignin 0'917 0.237 ND
28.7 trans-
37 3' diethylstilbes 73,217,368,383,397,412 47 Lignin ND ND 0.043
trol
30.0 78
41 7' dihydroxyflav 73,208,281,310,383,398 68 Lignin ND ND 0.010
one
a9 302 Vanillyl 73,193,225,297,355 lignin 290 ND ND
6 derivate 7
so 363  Hydroferulic 73,192,209,297 74 tgnin 210 0215 ND
7 acid 4
51 369 Vaniliyl 73,192,209,297 56 lgnin % 0215 ND
3 mandelic acid 0
) 0.76
Total aromatic compounds 3 1.122 0.379
Polyols
10.1 Raw 0.19
9 4 Glycerol 73,103,117,147,205,218 93 material/ 1 0.197 0.267
lipolysis
13.4 )
17 37 Erythritol 73,103,129,147,189,205 60 ogo 0.008 0.000
n 70 Arabitol 73,103,147,205,217,307 74 Raw ND 0.010 0.000
1 material
2 192 Xylitol 73,103,147,205,217,307,319 89 Raw ND 0.035 0.022
6 material
,3 192 Ribitol 73,103,147,189,205,217,243,307,31 24 Raw 0.03 ND ND
8 9 material 5
26. )
29 %3 Sorbitol 73,103,147,205,217,319 59 Sugar 0 go 0.014 0.011
31 %7 jnositoln 73,147,191,217,265,291,305,318 98 Raw 0.03 4042 0.080
5 material 5
28.8 . 73,103,147,191,204,217,265,291,30 Raw 0.05
38 . Inositol2 5,918,367 87 aterial 0 0.055 0.158
.32
Total polyols 053 0.361 0.538
Fatty acids
10.0 Triglycerid
8 5' Octanoic acid 73,75,117,132,145,201,216 96 es ND ND 0.006
hydrolysis
. Triglycerid
13 114 Nonanoic 73,75,117,129,132,215,230 59 es ND ND 0.007
1 acid .
hydrolysis
58.2 Triglycerid
35 o Palmiticacid 73,117,129,145,313 98 es ND ND 0.449
hydrolysis
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. Triglycerid
a0 299 FEptadecanoic 73,117,132,145,327,342 90 es ND ND 0.007
3 acid .
hydrolysis
319 Triglycerid
42 o Stearicacid 73,117,132,145,341,356 58 es ND ND 0.027
hydrolysis
Total fatty acids ND ND 0.496
Modified sugars
18 146 2-O-methyl- 73,89,131,146,159,191,204 83 Pectin ND ND 0.019
6 xylose
19 149 2-0-Methyl 73,89,146,159,191,204 64 ND ND 0.018
7 glucose
26 241 Glucuronic 73,129,147,230 83 Glucuronic 1y ND 0.019
0 acid lactone acid
43 340 Pentose 73,191, 217,259,281,341,356,428 - Disacchari  0.01 ) gy ND
8 derivative de? 8
ag 342 Pentose 73,103,147,191,217,243,259 - Disacchari 0.0 ND
4 derivative de? 9
Arabinose
45 343 Pentose 73,103,147,191,217,230,259 ; disacchari 093 0057 ND
1 derivative 2
de?
46 47 MHexose 73,131,204,217,246,273,363 : Disacchari = 0.02 ND
4 derivative de? 5
47 349  Pentose 73,191, 217,259,281,341 - Disacchari 020 gom ND
7 derivative de? 5
Arabinose
ag 351 Pentose 73,103,147,191,217,230,259 - disacchari 9% 0.018 ND
3 derivative 1
de?
52 369 Hexose 73,131,204,217,259,283,341 - Disacchari  0.01 4 joq ND
3 derivative de? 3
Sucrose-
382 . like
53 Disaccharide  73,103,147,191,217,243,271,361 . . ND ND 0.021
7 disacchari
de
34.0
0
s s icgta.:/ N 73,103,129,147,159;1,204,217,259,34 ) W o460 7 898
38.0
0
B 0.11
Total modified sugars 3 0.698 3.976
Other
5 gi1g Ohydroxy- 73,152,167 57 Maillard 5 008 0.013
pyridine reaction
124
14 7 Unknown1l 73,243,258 - ND ND 0.034
2,4(1H,3H)-
15 12.7 Pyrlmu.imedl 73.99,147 243,258 52 Malllérd 0.02 ND ND
1 one, dihyro- reaction 0
1,3-dimethyl
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16 1%'2 Unknown?2 73,147,243,258 - 0'20 ND ND

20 1;'1 Unknown3 73,159, 204 Sugar 0'22 0.014 ND
26.0 -

27 7 Unknown4 73,223,297,307,323,338 - Lignin ND ND 0.077

30 Zi.S Unknown5 73,235,267,293,309,324 - Lignin 0';)1 0.037 ND
27.5

33 1 Unknown6 73,103,192,236,325,428 - ND ND 0.006
28.4

36 5 Unknown7 73,103,129,147,175,205,217 - Sugars ND ND 0.098

39 288'9 Unknown8 73,117,147,208,282,327 - 0';)0 0.008 ND
Total “other” 0'27 0.067 0.228

Total 1':0 2.301 5.917

As reported in table 4.2, the set of identified and semi-quantified compounds constituted 1.4%, 2.3% and
5.9% of the initial sample when semi-quantified in the simple aqueous extract (H,0), in the aqueous extract
followed by precipitation of the fibre by ethanol (EtOH), and in the aqueous extract followed by fibre
precipitation and acid hydrolysis (HCI), respectively. It is important to emphasize how the acid hydrolysis
carried out on the supernatant after fibre precipitation allows to quantify a total content of metabolites much
higher than that obtained with a simple aqueous extract. This indicates the complex nature of the compounds
extracted from the raw material or originated after the hydrothermal treatment, which are probably present
conjugated to other compounds and not directly detectable by GC-MS due to the high molecular weight
(Mw). The compounds were putatively identified comparing their mass spectra with Wiley 275 library and
are reported in Table 4.2. They can be categorized into 5 main classes, namely organic acids, aromatic
compounds, modified sugars (these three are the classes identified with 'H NMR technique as well), fatty
acids and polyols. Then, other compounds were also detected, including a couple of N-heterocyclic
compounds and various unidentified signals. Organic acids constituted, in terms of percentage of the initial
sample, a rather small quantity, varying between 0.05% and 0.3%. In all three extracts, the most abundant
ones were found to be lactic acid and glycolic acid, originating from glucose or xylose as a result of high
temperatures [27]. 2-ketogluconic acid is mainly produced by glucose fermentation [28] but may be also
formed from oxidation of D-gluconic acid, which is commonly found in plants, hence it was likely degraded
and therefore not detected in “HCI” sample. Levulinic acid, that has been classified as one of the top 12
promising bio-based building blocks for the synthesis of fuels and chemicals, was found in very small
concentrations, and this is not surprising since it is formed from hexoses or directly from cellulose [21], which
are quite scarce in our extract. On the other hand, the higher amount of formic acid quantified by 'H NMR
could indicate the formation of a larger amount of levulinic acid which is further degraded during thermal

treatment. 3-hydroxypropionic (3-HP) acid was found in very low concentrations too, and although its main
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origin is from glucose fermentation, in this case the formation is likely attributable to the oxidation of
aromatic compounds [29]. Finally, 5-hydroxyvaleric acid has been reported to derive from oxidation of
furfural derivatives, such as cyclopentanone or 1,5-pentanediol, and therefore from xylose [30], while 2,3-
dihydroxypropanoic acid (glyceric acid) is derived from glycerol oxidation [31] and 2-hydroxyhexanoic acid
from sugar degradation in acid condition [32]. Even not detected by GC-MS, acetic and formic acids were also
present, as evidenced by 'H NMR, originating from autohydrolysis of acetylated xylans and degradation of
hexose, respectively. As a whole, the majority of organic acids detected, originated from sugar modification

pathways.

Aromatic compounds as a class constituted a significant fraction of the extract, if compared to organic acids:
their total quantity was indeed semi-quantified with values ranging from 0.4% to 1.1%. These compounds
are formed from the aromatic residues of lignin and are degraded to many types of phenolic structures,
depending on the monomeric units in the native lignin [33]. In fact, lignin is a polymer made of various
amounts of three different monolignols, that are p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol

[34] (Figure 4.3).
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Figure 4.3: (a) Example of lignin structure with focus on its monomers and (b) different chemical bonds which can
occur between them.

For this reason, most of the identified aromatic compounds might be divided in three subclasses, namely p-

coumaryl, coniferyl, or sinapyl alcohol derivatives.

Previous studies showed how the increase in temperature during HT leads to methoxy group (-O-CHs)
hydrolysis with the consequent increase in p-coumaryl derivatives, making it harder to identify the
mechanism of formation [35]. Among the compounds identified in our work by GC-MS, four of them were
classifiable as coniferyl alcohol derivatives: 3-vanilyl propanol, vanilethanediol, hydroferulic acid and
vanillylmandelic acid. The latter two were always found to be among the compounds present in the highest
amount, even though not detected in “HCI” sample. The most abundant aromatic compound turned out to

be benzoic acid, one of the most known lignin-derived molecules, and this may be explained by its great
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stability to high temperatures in liquid water [36], while gallic acid, 7,8-dihydroxyflavone and
diethylstilbestrol are likely derived from the raw material and were found only or especially in “HCI” sample,

suggesting their presence in a complex with other structures.

Polyols were always found, as sum, in rather similar quantities in the three samples and varied between 0.3%
and 0.5% of the initial sample, indicating their presence mainly as free form in the extract. An exception was
glycerol, the most abundant one, its presence could be due to the thermal hydrolysis of triacylglycerols in HS
[37] and it is not surprising that the highest amount has been found in “HCI” sample, being even easier to
release it following acid hydrolysis. Sorbitol probably derived from the reduction of glucose [38], while the
pentitols xylitol, arabitol and ribitol from the reduction of xylose and arabinose [39,40] in the pentose and
glucuronate interconversions pathway in the raw material. Erythritol has been reported as a compound
mainly produced from glucose through yeast fermentation [41] while inositol, on the other hand, may be
produced from the hydrolysis of phytic acid, and it has been recently demonstrated how its degradation
through HT is effective already with low temperatures [42]. Then, many fatty acids were found, only in HCI
sample because deriving from hydrolysis of triglycerides present in the raw material, and among them the
most abundant was palmitic acid. Their total amount correspond to about 0.5% of the initial sample and
adding up this value to glycerol’s one the result turns out to be in accordance with the total lipid content
reported in Table 4.1. One of the most numerous classes was that of modified sugars, that was the greatest
in terms of abundance as well, reaching 4% of the initial sample in “HCI”, showing again the complex nature
of these compounds, likely bound to each other and detectable only after acid hydrolysis. Some rare sugars,
namely 2-O-methyl xylose and 2-O-methyl glucose were also found: the first may have been obtained as a
result of a simultaneous extraction of pectin fraction present in HS, because it has been reported as a
rhamnogalacturonan-Il component [43,44]. Glucuronic acid lactone can be obtained from degradation of D-
glucuronic acid when subcritical water is used [45], while a lot of sugar-derivative peaks appeared especially
in “HCI” sample, in the last part of the chromatographic run, but without being able to identify them. These
can be released from the matrix after hydrolysis, but it is not excluded their ex-novo formation during acid
treatment. Finally, regarding “other” compounds, not classifiable in any of the previous classes, different
abundant compounds were found. The maximum quantity of this substances peaked to 0.2% of the freeze-
dried extract obtained from HT of HS. Both 3-hydroxy-pyridine and 2,4(1H,3H)-Pyrimidinedione, dihydro-1,3-

dimethyl can be originated from Maillard reaction [46].

Despite gas chromatographic methods are very often used for the characterization of HT degradation
compounds [14,16,17,47-51], their indisputable limits related to the necessity of matrix hydrolysis and
analyte derivatization hinder a complete molecular characterization of the hydrothermal extract. As a

consequence, the same sample was also submitted as it is to UHPLC-IM-Q-TOF-MS analysis.
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3.3. UHPLC-IM-Q-TOF-MS analysis

The freeze-dried extract obtained after HT was also analysed by UHPLC-IM-Q-TOF-MS, dissolving it in water
(see Figure 4.1). This approach was applied to characterize in detail various degradation products with higher
Mw that may originate from the thermal process. To the best of our knowledge, this is the first time that
such a technique is used for this purpose. The sample was analysed in triplicate both in positive and in
negative ion modes to enlarge the metabolite coverage. At first, 4852 and 3941 features were aligned in ESI+
and ESI- modes, respectively, and among these features a total of 212 compounds were putatively annotated.
The selection of the compounds of interest was carried out at first checking their abundance and their
fragmentation score. Then, were retained only those compounds whose experimental fragmentation pattern
matched with the theoretical and/or with the one present in the online databases. Finally, duplicate
metabolites such as those ionizing in both polarities were checked. Some features with even good abundance
but low fragmentation score have therefore not been considered, even though they could constitute
compounds with relevance for bioactivity or risk assessment. The workflow applied is represented in Figure

4.4.
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ESls S ES- Filtered based on abundance and

fragmentation score (> 80)

compounds
ESl+ Manual check of matching between m/z
fragments obtained and theoretical data

453
residual
compounds;

Elimination duplicated compounds and
chemical structure check

212
| Division in chemical classes |

Figure 4.4: Representation of funnel filtration of the compounds identified by UHPLC-IM-Q-TOF-MS.

It is of great importance to underline that Progenesis Ql software automatically proposes, for every
compound, many different options of identification, based on the mass fragments detected. Among these
options, one may select different structures even with very close fragmentation scores. Actually, the
molecules chosen by the software are often belonging to the same chemical class. For the sake of clarity, an

example of identification confirmation is reported in Figure 4.5. In this case, the compound CSID9358110 was
81



Chapter 4

chosen because of the best spectra matching, but other options corresponding to other compounds were

also possible.
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Figure 4.5: Example of metabolite annotation, relative to 3-(4-Methyl-2,5-dioxo-2,5-dihydro-3-furanyl)propanoic acid.

The whole list of putatively identified compounds and their respective chemical structures are available in
Table S1 of the supplementary material. All the selected compounds were finally classified in chemical
classes, according to the main functional group. The inclusion of a compound in a specific class was in some

cases arbitrary, being many molecules complex structures with more than one functional group. However,

the secondary functional groups have been specified in Table S1.

Overall, all the compounds were classified into twenty-two classes, as reported in the pie chart in Figure 4.6.
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Figure 4.6: Distribution of the compounds identified in different chemical classes, in terms of number of compounds per

class (a) and relative abundance (b).

Some classes of compounds ionized both in ESI- and ESI+, and they are anhydro oligosaccharides, kdos, deoxy

oligosaccharides, sugars conjugated with a large range of phenols, sugar conjugated with phenyl/diphenyl
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groups, sugars conjugated with various compounds (as for example pyran, fatty acid, polyol, ketone, purine),
then organic acids, aldehydes, phenols, benzene-containing compounds, peptides, ketones and furans. Then,
in ESI- analysis one fatty acid and some pyran-derivatives were also detected, whilst carrying out ESI+ analysis
even some sugar pyrimidinones, amino sugars, polyols and esters were comprised in the list. It is important
to specify that many oligosaccharides and acetylated sugars were also putatively identified, but not selected
nor reported in the list because not definable as degradation compounds. Indeed, both acetylated or
unsubstituted sugars and oligosaccharides are formed from the hydrothermal extraction of hemicellulose,
and they usually are the target compounds that one wants to obtain. Specifically, xylans are hydrolysed into
XOS and xylose by the acetic acid, which in turn is in part originated following the hydrolysis of acetyl groups

linked to xylans [52].

However, it can be noted that the main classes of molecules previously identified by GC-MS (i.e., organic
acids, phenols, polyols, fatty acids and modified sugars) came out with UHPLC-IM-Q-TOF-MS as well. As
expected, many different types of sugars were detected, each of them with degrees of polymerization
ranging from 2 to a maximum of 8 (Table S1). Each of the seven anhydro oligosaccharides was identified to
be built up by agarobiose residues, and therefore they can be classified as agaro-oligosaccharides (AOS).
Here, different DPs were detected, ranging from 2 (neoagarobiose) to 6. Agar/agarose is usually extracted
from red seaweeds and basing on our knowledge no reports of its presence within lignocellulosic biomasses
are present in literature. For this reason, their origin may need to be found from galactose degradation
following the high temperatures employed in the HT. A recent work has proposed the mechanism of
formation of levoglucosan and cellobiosan (i.e., glucose-based anhydro sugars) starting from cellulose by
pyrolysis through hydrolysis and transglycosylation reactions [53], thus this may suggest the presence of
galactose in HS in the form of galactan polymers. On the other hand, Harris and Richards proposed a
mechanism of formation of sucrose-oligosaccharides containing anhydro glucose and fructose just

undergoing acidified sucrose to thermal treatment at 170 °C for 80 minutes [54].

Seven compounds were also found and classified as Kdo sugars, which means that contain at least one 3-
deoxy-d-manno-oct-2-ulosonic acid (or ketodeoxyoctonic acid, Kdo) molecule. Although Kdo is often just
considered a characteristic component of bacterial lipopolysaccharide [55], it was also found to be a
component of the cell walls of higher plants and in particular it is present only in the rhamnogalacturonan Il
structure [56]. This may suggest the formation of these compounds starting from pectin fractions, and this
may be confirmed by the presence in decent amounts of galacturonic acid among the total monosaccharides
of HS (Table 4.1). Indeed, the UHPLC-IM-Q-TOF-MS analysis revealed the presence of Kdo sugars with
different structures and degrees of polymerization, in some cases bound to each other, in others linked to

monosaccharides or sometimes even to deoxy-sugars or dehydro-sugars (Figure 4.7).
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Figure 4.7: Chemical structures of the putatively identified Kdo sugars. Molecule ID is reported according to
ChemSpider database.

In general, all these compounds (Kdos, anhydro oligosaccharides, deoxy oligosaccharides) accounted for
about 8% of the total compounds identified (Figure 4.6). Among them, deoxy sugars were the most abundant
in terms of ion intensity, albeit numerically less. Although this value cannot be considered totally accurate
from a quantitative point of view, it gives an indication that it is likely that other classes of molecules are
more present in the hydrolysate. In fact, apart from the aforementioned compounds, coming from hydrolysis
and modification of cellulose and hemicellulose, many other molecules were detected. Among them, organic
acids, which represented almost 5% of the total number and only 1.3% in terms of relative abundance. Within
this group, it can be noted that none of the molecules detected by GC-MS or 'H NMR were found here, and
this could be ascribable to the difference in their molecular weights. Indeed, all the organic acids identified
by GC-MS or *H NMR had a low Mw, with a maximum of 132 g/mol, while the ones detected by UHPLC-IM-
Q-TOF-MS had Mw in the range 188 — 290 g/mol. Within this class, monocarboxylic (e.g. 2-deoxypentonic
acid, quinic acid), dicarboxylic (e.g. 3-oxoheptanedioic acid) and tri-carboxylic acids (1-Butene-1,2,4-
tricarboxylic acid and 1-Hexene-1,2,6-tricarboxylic acid), but also more complex structures have been
putatively identified. For example, the carboxylic group was also found in complex molecules, containing
other functional groups and cyclic structures in the carbon skeleton, as a propanoic acid containing an
indene-dioxol group, a methyl-butenoic acid substituted with and epoxycyclohexenoic acid, a 4-oxo-
pentanoic acid containing a cyclopentane ring. The complexity of these structures makes any hypothesis

about their formation speculative, also considering the lack of analytical standards. However, their presence
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in the hydrothermal extract suggests the need to reach a better level of understanding about the complex

molecular profile of thermally treated biomasses.

Another class of compounds which confirms the result obtained with GC-MS and *H NMR involves lignin-
derived aromatic molecules. Several sub-classes can be identified in it, depending on the functional groups
and the molecular residues present bound together. Specifically, these sub-classes were: phenols, sugar
phenols (i.e., phenols conjugated with mono-/oligosaccharides), phenyls, phenyls/diphenyls sugars (i.e.,
phenyls or diphenyls conjugated with mono-/oligosaccharides). The most present in this sense were by far
phenols and sugar-phenols, comprising in total 93 compounds out of 212, corresponding to 44% of the total
number of compounds and to 63% of the total relative ion abundance. These compounds come from complex
mechanisms involving lignin. Compared to the aromatic molecules identified through GC-MS analysis, the
ones found here were once again of greater complexity and with a Mw on average greater, also because
constituted by complexes between phenols and other molecules. In fact, as reported in Table S1, very
different molecules were found within the phenolic class, for instance containing functional groups typical of
anthraquinones, naphtalenones, anthracenes, benzoquinones, stilbenes, tetraphenes, and again sulphate
groups, furans and so on, depending on the number of rings that were present in the structure and on how
they were bound together. Most of the features identified have never been previously reported for
hydrothermal extracts of lignocellulosic materials, therefore it is difficult to extract information about their
mechanism of formation, potential toxicity or, on the other hand, beneficial effects. Only few molecules
among the identified ones were previously discussed in the literature, and the presence of these compounds
mainly in natural sources suggests that they (or some analogues) probably derive from the raw material. For
example, a good relative abundance was detected for C-2'-decoumaroyl-aloeresin G, a phenolic glycoside
previously isolated from Aloe vera [57]. Then, 6,8-Dihydroxy-3,4-bis(hydroxymethyl)-1H-isochromen-1-one
is an isocoumarin previously obtained from a sponge-derived fungus on the genus Penicillium [58], and in the
same way (2R,3S,4aS,9aR,10R)-2,3,5,8-Tetrahydroxy-6,10-dimethoxy-3-methyl-1,3,4,4a,9a,10-hexahydro-
9(2H)-anthracenone and methyl (1S,2S,3S)-2,3,8-trihydroxy-3-methyl-9-oxo-2,3,4,9-tetrahydro-1H-
xanthene-1-carboxylate were associated with fungi in literature as well [59,60]. Chlorogenic acid butyl ester
was previously isolated from the leaves of a species of tree and flowering plant in the family Anacardiaceae
[61]. 5,7-Dihydroxy-2-(4-methoxyphenyl)-8-(3-methyl-2-buten-1-yl)-4-oxo-4H-chromen-3-yl-6-deoxy-B-D-
mannopyranoside, better known as icariside Il, is a prenylated flavonoid glycoside generally found in Epimedii
herbs [62]. On the other hand, Figure 4.8 reports as an example the chemical structures of two putatively
identified phenolic compounds not found in natural sources. They correspond to complex cyclic molecules,
having Mw ranging from 328 to 468 g/mol and despite no specific information about their mechanism of
formation is reported, the presence of coumaryl and sinapyl alcohols’ skeletons suggest their direct
formation from lignin cleavage and intramolecular recondensation. At the same time, some of these

structures seem distantly reminiscent of the skeleton of some diarylheptanoids. These molecules are
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frequently found in plants belonging to the Betulaceae family and have been described in depth in a recent

review about hazelnut’s phytochemicals [63].
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Figure 4.8: Chemical structures of two putatively identified phenolic compounds and matching of their mass spectra.

On the other hand, compounds carrying simple phenyl groups were numerically much less, and this is in line
with the lignin origin of the most of these neo-formed compounds. Nineteen compounds were detected and
classified as phenyls or phenyl sugars, depending on the eventual presence of sugars residues. One of the
most abundant was putatively identified as 10-Ethoxy-9-hydroxy-8,8-dimethyl-9,10-dihydropyrano(2,3-
f)chromen-2(8H)-one, a pyranocoumarine compound previously reported as a synthetic compound obtained
starting from an epoxide through ethanol addition and InClI3 catalysis [64], a condition very far from ours.
Even some biphenyl sugars were putatively identified in the extract: this is not surprising, since it is a typical

bond that can be found in lignin structure (Figure 4.3).

As in the other classes of compounds, it can be noted how different combinations of chemical structures
were present again, such as furan-containing or acetic acid-containing molecules, and how different sugar
moieties can occur. In general, the aromatic compounds detected showed extraordinary structural
complexity. In a recent study, Kim and colleagues evaluated which are the main reactions lignin undergoes
during a heat treatment. The authors concluded that these reactions concerned a methoxyl groups cleavage
in C3 and C5, a propane side chain cleavage, a cleavage of the p-O-4 bond (depolymerization) and some
simultaneous condensation reactions between released fragments, causing high molecular weight lignin

(Figure 4.9) [65].
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Figure 4.9: Reactions that may occur in thermal treatment of lignin. Source: Kim et al., 2012 [65]. Reproduced with
permission from Kim et al., International Journal of Biological Macromolecules—; published by Elsevier, 2014.

Although in our study the temperature of the HT was a little bit lower, our findings suggest that most of these
condensation reactions may have taken place. Moreover, in the aforementioned work the lignin was
extracted and thermally treated as it was, while in our case many other compounds, mainly derived from
hemicellulose, had the chance to interact with lignin fragments, making even more complex the reaction

pathways.

Another very important class of compounds both in terms of total number of compounds identified and of
their relative abundance corresponds to furans. Sixteen molecules containing a furan functional group were
detected. The most abundant one in negative ion mode was found to be a furan complexed with a
hydrocarbon and containing a thio group, namely 5-(Tetradecylsulfanyl)-2-furoic acid. Some furancarboxylic
acids have been reported to derive from oxidation of HMF [66] and the presence of sulfate may therefore be
due to some previous Maillard reactions with sulfur-containing amino acids. A derivative of maleic anhydride,
namely 3-(4-Methyl-2,5-dioxo-2,5-dihydro-3-furanyl)propanoic acid was also found, and despite the
reported toxicity of maleic anhydride itself, this derivate could be of interest for its biological and
pharmacological potential, such as antibiotic activity and enzymatic inhibition [67]. In general, the putatively
identified furans were once again found within very complex molecular structures, namely linked to other
fragments of molecules containing other functional groups, such as phenols, phenyls, organic acids and fatty
acids (Figure 4.10). Interestingly, simple furans as HMF or furanoic acids have not been detected with any of
the analytical techniques used in this work, likely due to a loss in the most volatile molecules during HT extract
freeze-drying process. The basic mechanism of formation of these furan-based molecules starts from sugars
dehydratation, both starting from hexoses to form 5-HMF and/or from pentoses to form furfural, also

depending on temperature and pH. Then, they may react in different ways, as dienes in the Diels—Alder
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reaction, but also through radical, electrophilic or polymerization reactions. A recent interesting review has

been published about furans mechanisms of reaction [68].
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Figure 4.10: Representation of some of the putatively identified furan-based molecules, in complexes with other
functional groups. Molecule ID is reported according to ChemSpider database.

4. Conclusions

Since hydrothermal treatment is a very commonly used method to extract hemicellulose from lignocellulosic
biomasses, it is essential to deeply investigate which are the degradation compounds that are simultaneously
formed. The majority of literature available so far employed GC-MS analysis to identify the molecules
originated from this kind of extraction. However, this technique presents some limitations in detecting high
molecular weight and more complex compounds that may result from the degradation, hydrolysis and
condensation reactions between lignin, hemicellulose and other constituents of the matrix. In this work,
three different techniques, namely *H NMR, GC-MS and UHPLC-IM-Q-TOF-MS have been employed to
investigate and identify the degradation compounds after hydrothermal treatment of hazelnut shells. These
approaches led to the detection of some common chemical classes of compounds, likely the most abundant,
such as organic acids, degraded/modified sugars and aromatic compounds. The two chromatographic-MS
based techniques also allowed to detect different classes of furans, polyols, N-heterocyclic compounds,
aldehydes, ketones, esters, among others. However, deciphering the chemical mechanism involved in the
formation of all these compounds is still a major challenge. On the one hand several variables, primarily the
HT severity, in terms of time and temperature, strongly influence their formation. On the other hand, also
the initial matrix plays a fundamental role, since the proportion and the structure of the various polymers
within the lignocellulosic complex can have a huge impact on the reaction mechanisms and products.
However, sophisticated techniques such as UHPLC-IM-Q-TOF-MS are emerging and enabling to bridge this
gap, allowing researchers to create datasets like ours, which can hopefully be used for the construction of
specific “reactomics” databases, so that more light can be shed for the understanding of the formation of all

these compounds and also for the building of predictive models.
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ABSTRACT

Hemicellulose extraction from lignocellulosic biomasses has gained interest over the years. The aim of this
study was to evaluate the effect of different hydrothermal treatment temperatures both on the type and
structure of extracted fibres from hazelnut shells and on the formation of various products derived from
matrix degradation. The extract composition was investigated by GC-MS, HPSEC-RID, 1H NMR, UPLC/ESI-MS
and UHPLC-IM-QTOF-MS. The highest extraction yield of total fibres and xylan was obtained at 150 °C and
175 °C, respectively. The characterization step showed that high-Mw pectin fractions were achieved at 125
°C, at 150 °C a heterogeneous mixture of xylan, XOS and pectin was present and higher temperatures led to
a prevalence of XOS. Finally, more than 500 compounds were putatively identified, they appeared to be
present in different amounts depending on the temperature employed for the treatment and belonged to
several different chemical classes.
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1. Introduction

To face the phenomenon of waste in the food industry, increasing importance has been gradually attributed
to convert it into a by-product which could be reused and transformed into a new product with increased
added value. In this context, dietary fibre is one of the main protagonists, since scientific research on its
proven health benefits has grown, and a trend of consumption of healthy products has spread among
consumers [1]. Therefore, the reuse of fruit and vegetable by-products extracting and using their fibres in
functional foods or nutraceuticals is a promising approach for the environment, the food industry and the
health of consumers [2]. Among the potentially most interesting by-products for the reuse of fibre, one can
certainly find lignocellulosic residues, which make up 90% of the total residual plant biomass [3]. They are
mainly made of lignin, cellulose and hemicellulose in varying proportions, bound together in complex
structures, and hence the extraction of hemicelluloses requires “strong” methods. One of the most used in
this sense is the hydrothermal treatment, also called as liquid hot water (LHW), which consists of subjecting
the matrix to an extraction at high temperatures (above 100 °C) in water, maintained in the liquid state thanks
to high pressures, for a variable time [4]. Actually, the result of the extraction with this method has not to be
taken for granted. Different processes with different parameters (temperature, time, pH) may indeed affect
very strongly the composition of the final liquor, because of the chemical modification of hemicellulose,
cellulose and lignin [5]. According to Cocero and colleagues, hemicellulose undergoes five different chemical
modifications during the hydrothermal treatment, namely hydrolysis of glycosidic bonds which leads to the
formation of oligosaccharides, hemicellulose deacetylation, hemicellulose dissolution and mass transfer
between the solid and the liquid, production of sugars and sugars degradation, and porosity modification [6].
Hence, higher temperatures could lead to a greater hydrolysis of hemicellulose, with consequent reduction
of the molecular weight, and to the production of sugar degradation products (such furfural, HMF, acetic,
levulinic and formic acid) [7]. In addition to these latter modifications of sugars, if very pure products are
desired, it is necessary to take into account the chemical modifications which occur to lignin as well, such as
methoxyl groups cleavage, propane side chains cleavage, depolymerization and condensation reactions [8],
with the consequent release of many complex compounds, the majority of whom are phenolics. At the same
time, however, the use of lower temperatures is often not convenient in terms of yield, due to the scarce
modification of lignin structure that consequently results in recovering lower quantities of hemicellulose [9].
Furthermore, the matrix from which hemicellulose is extracted has a significant impact on the results as well,
in terms of resistance to temperature [10]. Finally, a certain matrix could contain different hemicelluloses or
various polysaccharides, constituted by different monosaccharide residues, which could be more or less
susceptible to a specific hydrothermal treatment, as emerged in a previous work of our group [11]. For all
these reasons, and since it is widely recognized that the chemical structure of dietary fibres is related to their

biological activity [12], it is fundamental to determine the best process depending on the specific goal. The
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complete understanding of these correlations between the parameters of the hydrothermal treatment and
the chemical structure of the compounds that are generated is necessary to develop an economically
efficient process. Among the lignocellulose by-products, hazelnut shells are very abundant but still too much
undervalued [13]. Corylus avellana L., the European hazelnut, whose production ranges from North Africa
and Europe to the Asia Minor and Caucasus region, is the second most popular nut worldwide just after
almonds. Its crop added up to over 528,000 metric tons (kernel basis) in 2019/20. One of the main drawbacks
associated with hazelnut production is the large amount of by-products. In fact, hazelnuts are collected in
the form of dried in-shell nuts that are further processed to be introduced into the industrial food chain. The
residual biomass resulting from the cracking process, the hazelnut shell (HS), represents approximately 50—
55% of the weight of the in-shell product and today is mainly used as a boiler fuel. HS main constituent is
lignin, with quantities found around 40-51%, followed by hemicellulose (rich in xylans substituted with uronic
acids/acetyl groups and small quantities of arabinans and galactans) with 13—32%, and cellulose (17-27%)
[14-19]. In recent years, scientific research has focused heavily on studying different ways to exploit
lignocellulose, but despite the large availability of HS residual biomass, only few studies have focused their
attention on their hemicellulosic fraction and especially on the effect of different hydrothermal treatments

on fibre yield and molecular composition [16,17].

To give a contribution in this field, we have evaluated how different temperatures employed in the
hydrothermal treatment can affect the presence of potentially undesired compounds derived from the
degradation of sugars and lignin, as well as the chemical structure of HS’ dietary fibre (in terms of molecular
weight, monosaccharide composition and degree of substitution). The former characterization was made for
the first time on hazelnut shells HT liquors, utilizing a “reactomics” approach based on high resolution NMR
and UHPLC-IM-QTOF-MS. Finally, the effect of ethanol precipitation for fibre purification from undesired

compounds was also evaluated.

2. Materials and methods

2.1. Materials and chemicals

2.1.1. Materials

Milled and sieved hazelnut shells (HS) having a particle size < 500 um were collected from Ferrero S.p.A.

(Cuneo, Italy).
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2.1.2. Chemicals

HPLC-grade acetonitrile, ammonium formiate, D-glucose, D-fructose, D-arabinose, D-galactose, D-mannose,
D-rhamnose, D-ribose, D-xylose, D-fucose, D-galacturonic acid, D-glucuronic acid, phenyl pB-D-
glucopyranoside, dimethylformamide (DMF), trifluoroacetic acid (TFA), ammonium hydroxyde and N,O-
Bis(trimethylsilyl)trifluoroacetamide (BSTFA) were purchased from Sigma-Aldrich (Taufkirchen, Germany);
ethanol was purchased from Carlo Erba (Milan, Italy); bidistilled water was obtained using Milli-Q System
(Millipore, Bedford, MA, USA); MS-grade formic acid from Fisher Chemical (San Jose, CA, USA), while
methanol, deuterium oxide (D,0) and trimethylsilylpropanoic acid (TSP) from VWR International (Milan,

Italy).

2.2.  Composition of hazelnut shells (HS)

The composition of the starting material, namely ground and sieved HS, was investigated in terms of dry
matter, proteins, lipids, ash, soluble and insoluble fibres. These analyses were carried out using standard
procedures [20]. Moisture/dry matter was determined drying the sample in an oven at 105 °C for 24 h, while
ash was quantified through mineralization at 550 °C for 5 h. Proteins were determined with a Kjeldahl system
(DKL heating digestor and UDK 139 semiautomatic distillation unit, VELP SCIENTIFICA) by using 6.25 as
nitrogen-to-protein conversion factor. Total lipid content was calculated with an automatized Soxhlet
extractor (SER 148/3 VELP SCIENTIFICA, Usmate Velate, Italy) using diethyl ether as solvent. Both soluble and
insoluble fibres were determined with AOAC 991.43 method [21].

2.3. Hydrothermal treatment

Hydrothermal extractions were conducted using a Parr Mini Bench Reactor, type 4560 (Parr Instruments Co.,
Illinois, USA) equipped with a magnetic drive stirring system and a reaction vessel of 300 mL capacity. About
2.5 g of ground HS were used in each experiment, and 77.5 mL of bidistilled water were added in the reactor
as extracting solvent. Four different temperatures were tested (i.e., 125 °C, 150 °C, 175 °C, and 200 °C), and
the reaction time was set at 60 minutes. Although generally the reaction time is lower when hydrothermal
treatments are applied, it was decided to elevate it since the main purpose was to evaluate the degradation

compounds which can originate from HS, rather than the extraction of XOS.

Actually, the time necessary to reach the desired temperature ranged from 15 to 30 minutes, while to cool
down the system between 5 and 10 minutes elapsed. Figure 5.1 shows the heating and cooling profiles for

every experiment.

97



Chapter 5

250

200

o

i H125

2

2 H150

g 100

5 H175
H200

50

0 20 a0 60 80 100 120

Time (min)
Figure 5.1: Heating and cooling profiles of the hydrothermal treatment in ever experiment.

Once each reaction mixture was recovered from the reactor vessel, it was centrifuged at 3900 rpm, at 4 °C
for 40 minutes to separate the extracted hemicellulose, solubilized in the aqueous supernatant, from the

solid phase. The supernatant was collected and stored at -18 °C for further analyses.

2.4. Characterization of liquor obtained from hydrothermal treatment

2.4.1. Total monosaccharide composition

The total monosaccharide composition of the liquor obtained from hydrothermal treatment of HS was
investigated qualitatively, in terms of type of sugars, by gaschromatography coupled with mass spectrometry
(GC-MS) according to a protocol reported elsewhere with few modification [11]. Briefly, the supernatant
collected after centrifugation (Section 2.3) was thawed out and 1000 pL were withdrawn and dried by
rotavapor. Subsequently, 3 mL of 2N trifluoroacetic acid (TFA) were added and the acid hydrolysis was carried
out for 2 hours at 110 °C. Then, 1000 pL were withdrawn and put in a round-bottomed flask, then dried by
rotavapor. When the solvent was evaporated, the obtained dried hydrolysate was washed with 1 mL of
methanol to remove the TFA residues and evaporated again. 1 mL of 0.5 M NH,OH was subsequently added
to delactonize the eventually present sugar acid lactones in the solution, and again evaporated by rotavapor.
Finally, the dried hydrolysate was dissolved in 800 uL of DMF and 200 pL of BSTFA, used as derivatizing agent.
The reaction was kept for 1 hour at 60 °C under stirring and then the derivatized sample was injected in gas
chromatography. GC-MS analysis of monosaccharides was performed with a 6890 N gas chromatograph
coupled to a 5973 N mass selective detector (Agilent technologies, Santa Clara, CA). A SLB-5ms, 30 m x 0.25
mm, 0.25 pum of thickness column (Supelco, Bellafonte, PA, USA) was used. The chromatogram was recorded
in the scan mode (40-500 m/z) with a programmed temperature from 60 °Cto 270 °C. The initial temperature
was 60 °C, held for 2 minutes, then increased to 160 °C at a rate of 10 °C/min, held isothermal for 5 minutes,
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increased to 220 °C at a rate of 10 °C/min, kept for 5 minutes, increased to 270 °C at a rate of 20 °C/min and
maintained for 5 minutes. A response factor was also injected to normalize the signals, considering the area
and concentration ratios between phenyl B-D-glucopyranoside and several monosaccharides likely to be
present in the samples, namely D-glucose, D-fructose, D-Arabinose, D-galactose, D-mannose, D-rhamnose,
D-ribose, D-xylose, D-fucose, D-galacturonic acid and D-glucuronic acid. In summary, response factor (RF)

was calculated as follows:

Area analyte Concentration phenyl § — D — glucopyranoside

~ Area phenyl f — D — glucopyranoside i Concentration analyte

Then, the areas of each monosaccharide in the samples were corrected dividing them by the response factor.
2.4.2. Evaluation of the molecular weight (Mw)

The molecular weight of poly- and/or oligosaccharides extracted from HS was evaluated through High-
Performance Size-Exclusion Chromatography coupled with Refractive Index Detector (HPSEC-RID). 120 pL of
the supernatant obtained from HT were mixed with 880 L of ultrapure water, then injected in an Agilent
1260 Infinity Il LC system equipped with a refractive index detector (RID) (Agilent, Santa Clara, CA, USA).
Ultrapure water was used as eluent at a flow rate equal to 0.7 mL/min, and a PL aquagel-OH 20, 7.5 x 300
mm, 8 um column (Agilent, Santa Clara, CA, USA) was employed for the separation. The injection sample
volume was set at 50 pL, column temperature 30 °C and RID temperature 35 °C. Standard pullulans having
known molecular weight, namely 180 Da, 667 Da, 6300 Da, 9800 Da and 22000 Da were used for the

calibration curve.
2.4.3. Characterization of oligosaccharides through UPLC/ESI-MS

The analysis of oligosaccharides present in the supernatant obtained from HT was performed through
hydrophilic interaction chromatography (HILIC) coupled with mass spectrometry. An aliquot of the
supernatant collected after centrifugation was taken and filtered through 0.45 pm nylon membranes, then
1500 pL of the permeate were dried under nitrogen flow and subsequently re-dissolved in 50/50
acetonitrile/water. Then, samples were analysed by ultra-performance liquid chromatography with
electrospray ionization in negative mode and single-quadrupole mass spectrometer detector (UPLC/ESI-MS,
WATERS ACQUITY). UPLC/ESI-MS analysis was performed by using an ACQUITY UPLC® BEH Amide column
(2.1 x 100 mm, 1.7 um). The mobile phase was composed by 80 % CH3CN + 20 % H,0 + 0.1 % NH4OH (eluent
A) and 30 % CH3CN + 70 % H,0O + 0.1 % NH4OH (eluent B). Gradient elution was performed as follows: from
100 % A to 40 % A and 60 % B by linear gradient in the first 10 minutes, from 40 % to 100 % A in 0.02 minutes,
isocratic 100 % A from 10.02 to 30 minutes. Flow rate was set at 0.17 mL/min, injection volume 2 pL, strong

needle wash 20 % CHsCN + 80 % H,0, weak needle wash 75 % CHsCN + 25 % H,0, seal wash 50 % CHsCN + 50
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% H,0, column temperature 35 °C and sample temperature 18 °C. Detection was performed by using Waters
SQ mass spectrometer: ESI source in negative ionization mode, capillary voltage 2.8 kV, cone voltage 25V,
source temperature 120 °C, desolvation temperature 350 °C, cone gas flow (N2) 50 L/hr, desolvation gas flow
(N2) 500 L/hr, full scan acquisition (100-2000 m/z). Integration was performed by extracting the following
mass ions (m/z) for deacetylated XOS: 149 for xylose, 281 for DP2, 413 for DP3, 545 for DP4, 677 for DP5, 809
for DP6, 941 for DP7, 1073 for DP8, 1205 for DP9, 1337 for DP10. For acetylated XOS, numerous mass ions
can be theoretically present (see Chapter 7) and the presence of each of them was checked by extracting the
corresponding fragment. The various XOS were semi-quantified, taking into account ratios between peak

areas, because an exact quantification is not possible due to the lack of each standard compound.

2.4.4. Total sugar content, degree of acetylation and main lignocellulose degradation products
through 'H NMR

The total quantity of sugars and the degree of acetylation were calculated through *H NMR analysis, and at
the same time HMF, formic acid, free acetic acid and methanol were investigated as well. Briefly, 400 uL of
the supernatant obtained after HT were directly added in the NMR tube, together with 300 puL of deuterium
oxide (D,0) and 100 pL of 2000 ppm 3-(trimethylsilyl)propionate-d4 (TSP) dissolved in D,O. *H NMR spectra
were registered on a Bruker Avance Il 400 MHz NMR Spectrometer (Bruker BioSpin, Rheinstetten, Karlsruhe,
Germany) operating at a magnetic field-strength of 9.4 T. Spectra were acquired at 298 K, with 32 K complex
points, using a 90° pulse length and 5 s of relaxation delay (d1). 128 scans were acquired with a spectral width
of 9595.8 Hz and an acquisition time of 1.707 s. The relaxation delay and acquisition time ensure the
complete relaxation of the protons, allowing their integrals for quantitative purposes. The experiments were
carried out with water suppression by low power selective water signal presaturation during 5 s of the
relaxation delay. The NMR spectra were processed by MestreNova software. The spectra were Fourier
transformed with FT size of 64 K and 0.2 Hz line-broadening factor, phased and baseline corrected, and

referenced TSP peak.

Different spectral zones were manually integrated and used for a quantification of the total sugars and other
main compounds found in the extracts, namely free acetic acid (1.99-2.05 ppm), acetyl groups bound to
sugars (2.08-2.20 ppm), total sugars (zones 3.13-3.32 ppm, 3.37-4.65 ppm and 4.95-5.26 ppm), free methanol
(3.34 - 3.36 ppm), formic acid (8.37-8.48 ppm) and hydroxymethylfurfural (HMF, 9.47-9.52 ppm) Integrals
were normalized to the area of TSP, added to each sample in an exactly known amount, and the values were

converted in mass/volume (mg/100 ml) as previously reported [22].
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2.4.5. In depth characterization of the degradation compounds

The degradation compounds originated from hydrothermal treatments of HS were in depth characterized
according to a “reactomics” approach by Ultra-High-Performance Liquid Chromatography - lon mobility —
quadrupole time-of-flight — mass spectrometry (UHPLC-IM-Q-TOF-MS). Briefly, after HT, the solutions were
centrifuged, and 500 pL of the supernatants were withdrawn and diluted in 1:1 ratio with 500 pL of ultrapure
water, then injected (samples “125”, “150”, “175”, “200”). Later, an aliquot of each supernatant was also
taken and added to four volumes of ethanol, in order to allow the extracted fibres to precipitate. After that,
a centrifugation step was performed at 4 °C, 20 minutes and 3900 g. The hydroalcoholic liquid fraction was
discarded, while the precipitate corresponding to fibres was collected, and 1 mg was weighed and dissolved
in 1000 pL of ultrapure water, then injected (samples “125f”, “150f”, “175f”, “200f”, where “f” stands for
fibres).

ACQUITY I-Class UHPLC separation system coupled to a VION IMS QTOF mass spectrometer (Waters,
Wilmslow, UK) equipped with an electrospray ionization (ESI) interface was employed. Samples were injected
(2 pL) and chromatographically separated using a reversed-phase ACQUITY Premier HSS T3 column 2.1 x 100
mm, 1.8 um particle size (Waters, Milford, MA, USA). A gradient profile was applied using water 5mM
ammonium formiate (eluent A) and acetonitrile (eluent B) both acidified with 0.1% formic acid as mobile
phases. Initial conditions were set at 2% B, after 3 min of isocratic step, a linear change to 100% B was
achieved in 12 min and holding for 5 min to allow for column washing before returning to initial conditions.
Column recondition was achieved over 3 min, providing a total run time of 23 min. The column was

maintained at 45 °C and a flow rate of 0.35 mL/min used.

Mass spectrometry data were collected in positive and negative electrospray mode over the mass range of
m/z 50-1100. Source settings were maintained using a capillary voltage, 2.5 kV and 2 kV for positive and
negative ESI modes, respectively; source temperature, 150 °C; desolvation temperature, 500 °C and
desolvation gas flow, 950 L/h. The TOF analyzer was operated in sensitivity mode and data acquired using
HDMSE, which is a data independent approach (DIA) coupled with ion mobility. The optimized ion mobility
settings included: nitrogen flow rate, 90 mL/min (3.2 mbar); wave velocity 650 m/s and wave height, 40 V.
Device within the Vion was calibrated using the Major Mix IMS calibration kit (Waters, Wilmslow, UK) to allow
for CCS values to be determined in nitrogen. The calibration covered the CCS range from 130-306 A2. The
TOF was also calibrated prior to data acquisition and covered the mass range from 151 Da to 1013 Da. TOF
and CCS calibrations were performed for both positive and negative ion mode. Data acquisition was
conducted using UNIFI 1.8 (Waters, Wilmslow, UK). Data processing was performed according to reports in

Chapter 4.
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3. Results and discussion

3.1. Proximate composition of HS

Hazelnut shells (HS) were first subjected to different analyses to look into their proximate composition, in

terms of lipid, protein, fibre, ash and moisture contents. The results are reported in Table 5.1.

Table 5.1: Proximate composition of hazelnut shells.

g/100g HS
Moisture 7.08+0.01
Lipid 2.82+0.85
Protein 2.2+0.02
Ash 1.95+0.17
Soluble fibre 3.27£0.04
Insoluble fibre 86.26 £ 0.05
Total dietary fibre 89.53+0.09

As evident in the table, HS were mainly constituted by fibre, which accounted for almost 90% of the fresh
matter (% wt). Very small quantities of proteins, lipids and ashes were found too, close to 2-3%. A part of the
total fibre content, equal to 3% of the biomass, was constituted by soluble fibre, while the rest was insoluble,

easily identifiable as cellulose, hemicellulose and lignin, as reported in previous studies [13].

3.2. Composition of the hydrothermal liquors

3.2.1. Monosaccharide distribution

The presence of different monosaccharide was investigated through GC-MS in the four hydrothermal liquors

obtained with different temperatures, and it is reported in Figure 5.2.
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Figure 5.2: Monosaccharide profile of HS” hydrothermal extracts at different temperatures.

Figure 5.2 shows a quite diverse monosaccharide profile for each extract depending on the temperature
employed for the hydrothermal treatment. At 125 °C a good amount of galacturonic acid was detected, equal
to 32 + 7 % of the total sugars. Although based on our knowledge pectin has never been reported to be
present within hazelnut shells, the identification of this hexuronic acid is supposedly attributable to this
polymer. Moreover, the presence of arabinose, rhamnose and galactose in relative percentages equal to
16%, 8% and 9%, respectively, nearly reminds to an average neutral monosaccharide distribution of pectin.
In a previous work of ours, a similar monosaccharide distribution from another lignocellulosic material,
namely grape stalks, was found after hydrothermal extraction in the same conditions [11], further confirming
the feasibility of extracting pectic fractions in this way. Xylose, that is the main monosaccharide making up
HS” hemicellulose, was instead found to be in a low amount (11%), suggesting how this treatment is not
adequate to satisfactorily extract this fraction. Indeed, as shown in the figure, xylose content only increased
when temperature increased as well, rising to 50% of the total sugars at 150 °C and to 80% at 175 °C. At 150
°C a good proportion of galacturonic acid (10%) was still detected, indicating the feasibility of pectin
extraction even with higher temperatures. Compared to the extraction at 125 °C, this percentage dropped
as well as rhamnose’s, galactose’s and glucose’s ones, and it is likely that this is mainly due to the
simultaneous great increase of xylose, rather than lower pectin extraction or galacturonic acid degradation.
At the same time, however, galacturonic acid was not detected anymore in the chromatogram when the
extracts at 175 °C and 200 °C were analyzed, meaning that its degradation at higher temperatures occurs. A
previous study indeed reported how hexuronic acids are more susceptible to thermal degradation than
pentoses [23]. Interestin