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extract
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Brewer's spent grain (BSG) is the most abundant by-product of the brewery
industry. Its accessibility and chemical composition allow this material to be
recycled for new applications mainly targeting the food industry, based on the
health-promoting properties of phenolics in BSG extracts. This study
investigates the major compounds identified in food-grade extracts from
BSG by UHPLC-ESI-MS/MS analyses, with a focus on the presence of
Amadori products. These fructosyl-derivatives are identified for most of the
proteinogenic amino acids but for instance also for gamma-aminobutyric acid.
While previously proposed to be formed, we show that Amadori products are
formed by reaction of amino acses, with a focus on the presence of Amadori
products. These fructosyl-derivatives are identified for most of the
proteinogenic amino acids but for instance also for gamma-aminobutyric
acid. While previously proposed to be formed, we show that Amadori
products are formed by reaction of amino acids with oligosaccharides up to
five hexoses. Moreover, the same glycation pattern was also observed for other
nitrogen-containing compounds such as phosphatidylethanolamine lipids. The
presence of these Maillard reaction products and glycated forms of amino-
compounds, due to heat-treatment during brewing or stabilization of BSG prior
to further processing, may impact the valorization of this by-product and should
thus be considered in future studies.

Abbreviations: Arg, arginine; Ala, alanine; BSG, brewer’s spent grains; Gly, glycine; Lys, lysine; GABA,
gamma-aminobutyric acid; Pro, proline; Val, valine; Met, methionine; pGlu, pyroglutamic acid; Tyr,
tyrosine; lle/Leu, iso/leucine; Phe, phenylalanine; Trp, tryptophan; His, histidine; DiIHOME,
dihydroxyoctadec-n-enoic acid trihydroxyoctadec-n-enoic acid; TriHOME, trihydroxyoctadec-n-
enoic acid; DIHODE, dihydroxyoctadec-n,n-enoic acid; TriHODE, trihydroxyoctadec-n,n-enoic
acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; MG, monoacylglycerol; DGMG,
digalactosylmonoacylglycerols; DGDG, digalactosyldiacylglycerols.
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1 Introduction

In the context of circular economy, there is currently a focus
on the upcycling of by-products from industrial processes. The
food industry, in general, and the brewery sector, in particular,
have a long tradition of re-use of their by-products, however
upcycling remains often limited. The circular use of material
aims at the efficient use of resources and, through that, at
environmental protection. It is coupled with the increased
economic development (Chetrariu and Dabija, 2020) and is
the focus of development in more and more countries.
Keywords in this development are re-use, recycling and
upcycling, and the term residue takes on another meaning:
opportunity. As for all waste/residue streams, this also counts
for residual biomass from forestry, agriculture and industrial
activities.

The global production of beer reached 1.9 billion hectoliters
in 2019, with 402 million hectoliters being produced in Europe.
For Europe, this results yearly in the production of 3.4 million
tons of brewer’s waste, that could be up/recycled into new
commodities. Non-seasonality, nutritional value and low price
of brewery by-products are facilitating their use as component of
food, medical and biotechnological products (Karlovi¢ et al.,
2020).

Barley, accounting for 19% of the European cereal
production in 2020, is one of the most cultivated cereals after
maize (23.7%) and wheat (41.6%). It is mainly used for animal
feed and human consumption, with 21% of the cultivated barley
destined for beer production (Mussatto et al., 2006). During
brewing, barley is germinated and the germinated grains are
subsequently dried at high temperature during the kilning
process to become malt. Malt is milled and again exposed to
high temperatures during mashing, a process, during which,
starch is enzymatically degraded. The enzymatic degradation
produces a liquid with carbohydrates, soluble proteins,
polypeptides and amino acids, called wort, and a solid
fraction containing residues of the grains. This suspension is
filtered (lautering step), hop is added before boiling and the
resulting wort is used as a fermentation base for yeast to produce
beer. During the steps prior to lautering, the exposure to high
temperatures induces the formation of compounds which, like
the addition of different types of hop the by-products formation
from yeast metabolism and the stability of flavor compounds
during storage, determine the taste of the final product
(Oladokun et al., 2017).

Today, the beer industry is looking for new types of products
and increased productivity, which include the efficient reuse of its
biomass waste (Rachwal et al., 2020). The first and most
abundant biomass by-product originating from brewing is
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brewer’s spent grain (BSG); it is discarded after the filtration
step (lautering) and is a water-rich solid phase composed of the
grain residues. Afterwards, a second waste is removed: spent hop,
which represents the precipitated compounds, mostly proteins,
after the boiling step. The third and less significant residue
eliminated before bottling is spent yeast, a by-product reused
in brewing (Farcas et al., 2017).

BSG represents about 85% of the total by-product: around
20 kg of wet spent grains are generated for each hectoliter of beer.
BSG contains the husks, pericarp, and seed coat of the grains. It is
rich in cellulose and non-cellulose polysaccharides, lignin,
proteins, and lipids. The exact composition is influenced by
the grain variety used, the agricultural methods and brewery’s
process conditions (Mussatto et al., 2006). Globally, spent grain
contains 19%-30% proteins, 20%-25% hemicelluloses, 12%-25%
cellulose, 12%-28% lignin and 10% lipids. It furthermore
contains vitamins, phenolic compounds and minerals (Lynch
et al, 2016; Rachwal et al, 2020). Due to its high moisture
(approximately 80% w/w) (Chetrariu and Dabija, 2020),
fermentable sugar, and protein contents, fresh BSG is
susceptible to degradation by microbial activity. In this
context, industrial validation of BSG generally requires drying
as pre-treatment, thereby limiting microbial growth and
increasing the storage time at room temperature (Mussatto
et al., 2006). Most used are oven- and freeze-drying. Although
studies indicate that freeze-drying is likely the best technique to
maintain the chemical properties of the starting material, it is not
economically sustainable on an industrial scale (Lynch et al,
2016). This makes oven-drying the most feasible technique for
industrial valorization of BSG, despite its high energy
consumption and influence on the chemical composition
(Mussatto et al., 2006) (Lynch et al., 2016).

Because of the high amount of fibers and proteins and its low
price, BSG is mainly used for animal feeding. It is known as a
source of nitrogen and as a promoter of milk production in
ruminants (Mussatto et al., 2006). However, environmental and
economic factors render other uses more appropriate (Steiner
et al, 2015). Indeed, due to the richness of its chemical
composition, new potential uses of BSG have arisen in recent
years, and BSG is now studied or used as an accessible and cheap
base material in biorefinery, biotechnology, nutrition and
medicine (Chetrariu and Dabija, 2020). Many applications are
through
degradation; bricks for building; substrate for fermentation

being screened: biogas production anaerobic
processes or to grow microorganisms and as source of
enzymes, molecules or prebiotics (Chetrariu and Dabija,
2020). In nutrition, milled BSG can be used as flour or as
component in the production of snacks (Lynch et al, 2016).

Despite this wide range of uses, most research on BSG focusses
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(A) Typical chemical structure of Amadori products: R = [Hex], with n from O to 4 in the compounds identified in this study; R1 = - specific amino
acid (Arg; Gly, Lys; Ala; GABA; Pro; Val; Met; pGlu; Tyr; lle/Leu; Phe; Trp; His). (B) Structure of fructosyl-Pro.

on the health-promoting potential of BSG extracts due to the
presence of antioxidants such as vitamin E and phenolic
compounds (Bonifacio-Lopes et al, 2020), arabinoxylans,
beta-glucans and fatty acids. Another alternative use of BSG is
as source of proteins with interesting gelation properties
(Hellebois et al., 2021).

In previous studies, BSG extracts have been analyzed for the
identification of health-promoting compounds, with absolute
quantification of ferulic acid, p-coumaric acid and catechin
often used as quality markers (Moreira et al., 2013; Rachwat
et al., 2020). Other parameters generally assessed are the total
phenolic content and the antioxidant capacity. The total phenolic
content of BSG changes according to the malt type, and values
ranging from 40.97 to 114.23 mg GAE/100 g DW have been
reported (Socaci et al., 2018a).

In addition to the above-mentioned well-characterized
molecules, reaction products between amino acids and
reducing sugars, known as Amadori products, have been
identified. Amadori compounds (Figures 1A,B), 1-amino-1-
deoxyketoses, represent a class of intermediates in the Maillard
reaction. More precisely, their formation takes place during the
initial phase of this cascade (Davidek et al., 2005a; Xue et al.,
2020). A reducing sugar reacts with a free amino group forming
Schiff base. This
and  spontaneously

a glycosylamine, called a unstable

condensation  product reversibly
rearranges itself to generate Amadori compounds. Because
the formation of Amadori products is faster than the reverse
reaction and is promoted in acid conditions, these keto-amine
structures are predominant in equilibrium conditions
compared to the Schiff base (Troise et al., 2018). In a later
stage of the Maillard reaction, degradation of Amadori
highly

dicarbonyl compounds with glyoxal, methylglyoxal and 3-

products gives rise to oxoaldehydes, reactive

deoxyglucosone being the most important. Further reaction
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of these oxoaldehydes results in advanced glycation end
products (AGEs), generated by irreversible reactions between
carbonyl and amino groups. As proposed by Hodge in 1955
(Hodge and Wolfrom, 1955), a series of reactions starting from
Amadori products and derivatives leads to the formation of
volatile compounds and brown pigments, such as melanoidins,
that give color, aroma and flavor to processed food (Hodge and
Wolfrom, 1955; 2000). This
mechanism occurs mainly during long-term storage and

Hofmann and Schieberle,
thermal processing of sugar-rich food (Del Castillo et al,
1999; Meitinger et al., 2014).

The first objective of the work presented here was to identify
as much as possible compounds found in BSG extracts obtained
with the most frequently used solvent for food-grade extractions.
With this effort,
identification of compounds in further studies on BSG

a database was built to facilitate the

extracts. Therefore, yield optimization was not the purpose of
the work presented here.

Besides all the compounds generally found in BSG extracts,
we identified several early stage products of the Maillard cascade,
known as Amadori products, which have not yet been described
in brewer’s spent grain extracts so far. In addition, not only did
we identify Amadori products for most proteinogenic amino
acids, but Amadori reaction products between free amino acids
and oligosaccharides of up to 5 monomers were also identified. In
malt, disaccharide-derived glycated lysine (N-e-maltulosyllysine)
was previously identified and characterized and the presence of
other disaccharide linked amino acids was hypothesized (Hellwig
and Henle, 2020). Here, we confirm this hypothesis and extend it
by identifying glycation products with oligosaccharides for most
amino acids. Similar products were identified for non-
proteinogenic amino acids and for phosphatidylethanolamine
lipids. To our knowledge, these products have not been
previously identified in BSG extracts and the formation of di-
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to pentasaccharide-glycated amino acids is not mentioned in
the literature.

2 Material and method
2.1 Chemicals

The following chemicals were obtained commercially.
Ethanol (WMR 20821.321); formic acid (LGC Standards-
Promochem, S0-9679-B001); acetonitrile (Carl Roth,
HN40.2); Folin-Ciocalteu reagent (Sigma Aldrich, F9252-
100ML); NA,CO; (Sigma Aldrich, 223530-500G); gallic acid
(Sigma Aldrich; 27,645-250G-R); hydrochloric acid (HCI)
0.1 M (ChemLab, 31955373); Iron (III) chloride hexahydrated
(FeCl; * 6 H,0O) (Merck VWR, 1.03943250); Iron (II) sulfate
heptahydrate (FeSO, * 7 H,O) (VWR; 24,244.232); Sodium
acetate trihydrate (C2H3NaO, * 3 H,0) (Sigma Aldrich,
331058-100G); acetic acid, glacial (CH;COOH) (]J.T.Baker,
9524-33); Fluorescein (Sigma-Aldrich, 46955-100G-F); Trolox
(Sigma-Aldrich, 238813-1G); AAPH (Sigma-Aldrich, 440914-
25G); Potassium phosphate monobasic (KH,PO,) (Merck,
1048730250); Potassium phosphate dibasic (K,HPO,) (Vel
VWR, PROL26931263).

2.2 Material

Fresh BSG was obtained from a local brewery (Brasserie Simon
Sarl, Wiltz, Luxembourg) and immediately frozen, vacuum-packed
and stored in polypropylene bags at —20°C. Subsequently BSG was
been dried in an air convection oven at 50°C for 48 h as previously
described (Bonificio-Lopes et al, 2020), vacuum-packed and
stored in polypropylene bags at room temperature.

2.3 Solvent extraction procedure

Three different extraction solvents were used: 1) water 2)
20% ethanol (v/v%) and 3) 40% ethanol (v/v%). The three
extractions were carried out at the ratio 33:1 (v:w; solvent:
solid), based on literature and EU food-grade regulations
(Meneses et al, 2013). For the extractions, dried BSG was
ground with mortar and pestle and 30 mg of BSG were mixed
with 1 ml of solvent (MilliQ water, ethanol 20%; ethanol 40%)
and shaken at 1,400 rpm for 4h at 21°C. Samples were
centrifuged at 20,000 g at 15°C for 25 min. The supernatants
were collected and dried with a vacuum concentrator
(CentriVap; Labconco, Kansas City, MO, United States). All
extractions were performed in quadruplicate. Dried extracts
were then dissolved in 300 ul MeOH:H,O 5:95 and filtered on
0.22um PTFE syringe filters (Millex-LG; Merck KGaA,
Darmstadt, Germany) prior to analysis.
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2.4 Ultra-high pressure liquid
chromatography-ESI-MS/MS
identification

Five ul of each BSG extract were injected into an Acquity
UPLC I-class ultra-high pressure liquid chromatography
(UHPLC) system (Waters, Milford, MA, United States )
coupled to an electrospray ionization high-resolution mass
spectrometer (TripleTOF 6,600 +; SCIEX, Framingham, MA,
United States ) operating in both positive and negative ionisation
modes. Formic acid 0.1% in water (A) and formic acid 0.1% in
acetonitrile (B) were used in the following gradient: 0 min, 1% B;
4 min, 1% B; 16 min, 5% B; 35 min, 40% B; 45 min, 100% B;
50 min, 100% B; 54 min, 1% B; 60 min, 1% B. The flow was set at
0.5 ml/min and the temperature of the reverse-phase Acquity
UPLC BEH C18 column (2.1 x 100 mm, 1.7 um particle size,
Waters, Milford, MA, United States ) was maintained at 50°C.

The electrospray ionisation parameters were set as follows:
the source was heated at 650°C, an ion spray voltage of
4.5 and -4.5kV was applied for the positive and negative
modes, respectively, with curtain gas (nitrogen) set at 30 psi;
nebulizer gas (air) at 55 psi; and turbine gas (air) at 50 psi. The
declustering potential was set at 60 and —60 V in positive and
negative modes, respectively. Survey scans were acquired in
175 ms for information-dependent acquisition, and only the
10 most intense monocharged precursor ions were fragmented
to produce MS2 spectra in high sensitivity mode when a
threshold of 100 counts per s was reached, with an
accumulation time of 200 ms. The total cycle time was fixed
at 2.225s. A sweeping collision energy of 15V below and above
15V in positive and —15 V in negative mode was applied to all
precursor ions. The dynamic exclusion was set for 2 s after three
occurrences before the precursor could be fragmented again. Full
high-resolution MS spectra were recorded between 100 and
2,000 mass-to-charge ratio (m/z) for MS, whereas MS2 scans
were recorded between 50 and 2,000 m/z, in profile mode.

2.5 Chemical assays

2.5.1 Total phenolic content (Folin-Ciocalteu)
The total phenolic content has been measured following the
method described by Singleton and Rossi (Singleton et al., 1965)
with some modifications. Twenty-five pl of Folin-Ciocalteu
reagent, 1 N diluted twice from a 2N stock (Sigma Aldrich,
F9252-100ML), and 50 pl of extracted samples and standard
dilutions were prepared and mixed in a 96-well plate and 125 pl
7,5% w/v NA,COj3 solution were added. The plate was covered
with
temperature.

aluminium foil and incubated for 30 min at room
The detected with a
spectrophotometric (Spark,
Minnedorf, Switzerland) at 765 nm. A standard solution of

absorbance was

microplate  reader Tecan,

gallic acid was used to build the calibration curve (0.004;
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0.008; 0.0125; 0.016; 0.025; 0.03; 0.05 mg/ml) (y = 4.0529 x +
0.0407 R* = 0.9993) and the results of total phenolic content were
expressed as gallic acid equivalent (GAE). For each extraction,
four biological replicates were analyzed in technical duplicates.

2.5.2 Ferric reducing/antioxidant power assay
The FRAP assay consists of the measurement of antioxidant
capacity linked to the reducing power of molecules to convert Fe
(III) into Fe (II) (Benzie and Strain, 1996). Ten pl of extracted
samples were mixed with 190 pl of freshly prepared FRAP
(300 mM buffer; 10 mM
tripyridyltriazine; 20 mM FeCls; pH 3.6) in a 96-well plate,

reagent acetate ferric-

covered with aluminium foil and incubated at room
temperature for 20 min. A standard curve was constructed
using FeSO, at different concentrations: 0; 0.05; 0.1; 0.2; 0.4;
0.6; 0.8; 1 mM (y = 0.6787x + 0.077 R? = 0.9981) and the results
were expressed as mM of ferrous equivalent. The absorbance was
detected with a spectrophotometric microplate reader (Spark,
Tecan) at 595 nm. For each extraction, four biological replicates

were analyzed in technical duplicates.

2.5.3 Oxygen radical absorbance capacity

The ORAC assay measures the free radical oxidation of
fluorescein by the change in its fluorescence intensity. The
ORAC values of the samples weremeasured using a 96-well
fluorescence microplate reader (Spark, Tecan) adapting the
method of Gillespie et al. (2007). Samples were diluted (100x
and 25 yl diluted sample used for analysis. In each microplate
well, 150 pl of fluorescein (0.08 uM of fluorescein in phosphate
buffer 75 mM) and 25 pl of sample or blank (phosphate buffer
75 mM, pH7) or Trolox standards (1-20 uM) were added and
mixed. The microplate was pre-incubated in the reader for
10 min at 37°C and AAPH [2,2'-Azobis (2-amidinopropane)]
solution (40 mg/ml) was added. The fluorescence was recorded
every 5 min for a total of 12 cycles (60 min) and raw data were
exported for further calculations. Trolox was used to build the
standard curve (y = 0.5745x, R* = 0.9799) and results were
expressed as pumol Trolox equivalents/g sample. For each
extraction, four biological replicates were analyzed in technical
duplicates.

2.6 Data analysis

For the identification of the compounds found in BSG
extract, the raw positive and negative data-files were analyzed
in Progenesis QI (v2.3, Nonlinear Dynamics, Newcastle upon
Tyne, United Kingdom). Since the aim was to build an as broad
as possible database with compounds found in BSG, no adducts
were considered in the analysis. In Progenesis, runs were aligned,
peaks with the same molecular weight within a specified
retention time frame grouped and the peak intensity of
grouped peaks normalized and used for quantification. Peaks
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(retention time x m/z couples) without fragmentation spectrum
were filtered out as were peaks corresponding to known or
suspected contaminants; the remaining RT-m/z couples were
used for identification. Initially, identifications within Progenesis
were done based on MS/MS similarity with the NIST and
MassBank databases. these
databases were identified through literature search and MS/

Compounds not found in
MS comparison with the following databases: LipidMaps
(https://www lipidmaps.org/); HMBD (https://hmdb.ca/spectra/
ms/search) GNPS (https://gnps.ucsd.edu/ProteoSAFe/libraries.
jsp); Metlin (https://metlin.scripps.edu) and PubChem (https://
pubchem.ncbinlm.nih.gov). For other compounds, comparison
between experimental and theoretical MS/MS spectra was done
using MetFrag (https://ipb-halle.github.io/MetFrag/) and CFM-
ID (https://cfmid.wishartlab.com/). All identifications were used
to create an in-house database of compounds identified in BSG.
For this an msp-type file was created and used for dereplication.
An extract of this database, focused on the identified Amadori
compounds, is added as supplemental file 1. Close to all
identifications reported here are level 2 based on m/z of the
precursor and comparison of the experimental MS/MS with
experimental or predicted MS/MS spectra from the sources
cited above (Salek et al., 2013).

3 Results

3.1 Compounds identified in brewer’s
spent grain

BSG is mainly composed of the pericarp, coat and husks of
barley grains. It is rich in sugars, lignin and proteins, although its
exact composition changes based on the used barley variety,
harvesting, malting and mixing time (Chetrariu and Dabija,
2020). The composition of BSG extracts likewise depends on
these biological and process-related parameters (Steiner et al.,
2015).

With the aim of identifying as many compounds as possible
in BSG extracts and building an in-house database, 3 different
extraction methods were performed using either milliQ water or
milliQ water combined with 20% or 40% (v/v%) of ethanol as
solvents at 21°C for 4 h. Extracts were made and analyzed with
UHPLC-ESI-MS/MS, the data imported in Progenesis QI and the
compounds corresponding to the most intense peaks identified.
The different extractions did not result in major qualitative
changes in composition, but quantitative changes were
observed. The aim of the current study is however not on
these relative quantitative differences, but on the profiling of
BSG extracts and the identification of reaction products between
amino acids and reducing sugars not commonly identified in
BSG. To build a database as comprehensively as possible,
multiple adducts of the same compound were considered as
individual database entries.
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Main categories of compounds identified in brewer’s spent grain extracts with LC-MS/MS analysis. Following retention time: series of
saccharides, amino acids, Amadori products, phenolics, hordatines, fatty acids, lignans and lipids.

TABLE 1 Free amino acids detected in brewer’s spent grain extracts
with LC-MS/MS in positive and negative ionization mode.
Retention time, molecular weight-to-charge ratio and ionization

mode are shown.

RT min m/z Compound Ion
0.55 148.0595 glutamic acid [M+H]*
0.94 182.0806 tyrosine [M+H]*
1.29 132.1013 isoleucine [M+H]*
2.34 166.0858 phenylalanine [M+H]*
4.7 205.0957 tryptophan [M+H]*
0.51 131.0450 asparagine [M-H]~
0.51 146.0448 glutamic acid [M-H]~
0.51 154.0611 histidine [M-H]-
0.9 128.0345 pyroglutamic acid [M-H]~
0.94 180.0655 tyrosine [M-H]~
231 164.0709 phenylalanine [M-H]~
468 203.0817 tryptophan [M-H]

A total of 632 compounds were identified in the BSG extracts
(Figure 2), potential adducts being counted as separate
compounds: 335 in negative and 297 in positive mode
Material ~ S2).
considered to be identified when their m/z value matched

(Supplementary Compounds were only
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with the predicted molecular weight and their MS/MS
spectrum could be validated based on literature and/or
metabolite databases (level 2 identifications). For compounds
showing a series of glycosylated derivatives, similarity between
the MS/MS of the parent compound and that of the glycosylated
daughter needed to be attained.

Oligosaccharides were detected at retention times between
0 and 5 min. Oligo-hexoses containing 1 to 9 hexose residues
(retention time (RT) 0.86 min m/z 1475.4741, negative mode)
identified based on m/z and MS/MS, while
corresponding to longer oligosaccharides were detected as

were ions
doubly charged but not fragmented. Free proteinogenic amino
acids, as well as Amadori compounds, were also identified within
the retention time frame (Table 1). Most of these reaction
products between amino acids and reducing sugars have not
been described in BSG extracts and represent a class of important
intermediates in early stages of the Maillard reaction. These will
be discussed separately. Cyclic dipeptides formed non-
enzymatically under high-temperature conditions, known as
diketopiperazines have been detected from 1 to 25 min.
Twelve diketopiperazines containing mainly proline coupled
with histidine, serine, lysine, arginine, alanine, tyrosine,
leucine, phenylalanine and tryptophan have been identified
(Supplementary Material S2).

From 5 to 20 min, phenolics and hordatines were detected.
According to Gorzolka et al. (2016), hordatines are highly
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abundant in BSG and present in BSG extracts (Steiner et al.,
2015) made from barley based malt. Benzoxazinoids, typically
found in BSG from rye or wheat based beers (Pihlava and
Kurtelius, 2016; Pieczonka et al., 2021a) were not identified, in
agreement with the used BSG. Hordatines are agmatine
derivatives of ferulic acid and p-coumaric acid, identified in
barley as homo-or heterodimers. Homodimer of p-coumaroyl-
agmatine corresponds to hordatine A; homodimer of feruloyl-
agmatine to hordatine C and heterodimer of feruloyl-agmatine
and p-coumaroyl agmatine to hordatine B. Hordatine D, only
identified during MALDI analysis of our extracts (data not
shown), is a heterodimer of sinapoyl-agmatine and feruloyl-
agmatine. Glycosides of hordatine A and B, known as
hordatine M, and diglycosides of these two hordatines were
also identified as were hydroxy- and dihydroxylated hordatine
A, B, and C (Steiner et al, 2015). the
hydroxycinnamoyl-agmatine precursors of these compounds
identified. Besides
monomers and dimers of ferulic acid and p-coumaric acid

Furthermore,

were agmatine, other phenolamides,
conjugated to other polyamines such as putrescine and
spermidine were also identified (Supplementary Material S2).
The phenolic compounds generally identified in BSG extracts
were identified in the same time frame (5-20 min), namely:
ferulic acid, p-coumaric acid and + catechin. Flavones such as

saponarin, luteolin-6-glucoside and dihydrokaempferol and a
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flavin (riboflavin, vitamin B2), were identified at higher retention
times (18-25 min).

Among the BSG extracts analyzed, the 40% ethanol extract
had a higher total phenolic content (TPC) (1.38 mg GAE/g DW)
than extracts obtained with milliQ water and 20% ethanol
(0.74 mg GAE/g DW and 0.96 mg GAE/g DW respectively)
(Figure 3). The results of the analysis of the antioxidant
capacity measured with the FRAP assay are in accordance
with the TPC measurement since 40%
showed the highest antioxidant activity (6.9 mmol FeSO,/g
DW 40% ethanol >3.78 mmol FeSO,/g DW 20%
ethanol >2.73 mmol FeSO,/g DW milliQ water). In addition,
the ORAC assay showed the same trend, confirming the extract
with 40% ethanol had a higher antioxidant capacity
(0.85 mmol TE/g BSG) compared to the other 2 extractions
(data not shown).

ethanol extracts

Tricin lignans and mono-, di- and trihydroxy fatty acids (18:
1) to (18:3), were detected from 25 to 30 min. The highest peak in
this range corresponds to hydroxylated C18:2 fatty acid, and
multiple peaks correspond to di/trihydroxyoctadec-n-enoic acid
(DIHOME, TriHOME) or di/trihydroxyoctadec-n,n-enoic acid
(DiHODE, TriHODE)
containing compounds are also detected. These currently

compounds. Numerous nitrogen-

unidentified compounds have a pattern of derivatisation with
oligosaccharides comparable to that observed for amino acids,
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TABLE 2 Fructosyl-amino acids detected in brewer’s spent grain with
LC-MS/MS in positive and negative ionization modes. Retention
time, molecular weight-to-charge ratio and ionization mode are
shown, amino acids are given in the three-letter code, pGlu:
Pyroglutamate.

RT min m/z Compound Ion

0.51 337.1708 fructosyl-Arg [M+H]*

0.51 220.0808 fructosyl-Gly - H,O [M+H]*

0.51 309.1649 fructosyl-Lys [M+H]*

0.55 234.0964 fructosyl-Ala - H,O [M+H]*

0.55 266.1224 fructosyl-GABA [M+H]*

0.55 248.1104 fructosyl-GABA - H,0 [M+H]*

0.59 278.1227 fructosyl-Pro [M+H]*

0.78 280.1382 fructosyl-Val [M+H]*

0.78 262.1281 fructosyl-Val - H,O [M+H]*

0.9 294.0999 fructosyl-Met - H,O [M+H]*

0.9 290.0865 fructosyl-pGlu [M-H]"

0.94 272.0759 fructosyl-pGlu - H,O [M-H]~

1.01 344.133 fructosyl-Tyr [M+H]*

1.01 326.1221 Fructosyl-Tyr - H20 [M+H]*

1.56 292.1384/294.1532  fructosyl-Ile/Leu [M-H]/[M+H]*
1.56 274.1284/276.1439  fructosyl-Ile/Leu - H,O [M-H]/[M+H]*
2.96 326.1224/328.1382 fructosyl-Phe [M-H]/[M+H]*
2.96 292.1174 fructosyl-Phe - 2 H,O [M+H]*

2.96 308.1123/310.1282 fructosyl-Phe - H,O [M-H]/[M+H]*
5.36 365.133/ 367.1487 fructosyl-Trp [M-H]/[M+H]*
5.36 347.1226/349.1383 fructosyl-Trp - H,O [M-H]/[M+H]*

suggesting the presence of an amino group subject to the first
stages of the Maillard reaction.

From 30 to 45min, mono-acyl lipids were identified.
Phosphatidylcholine (PC), phosphatidylethanolamine (PE) and
monoacylglycerol (MG) are the main classes of lipids detected in
the present study and in BSG extracts reported in literature; their
acyl-composition is dominated by C18:2 and C16:0 fatty acids
(Niemi et al, 2012; Farcas et al, 2015). Nonetheless, PC
containing C14; Cl16; C18; C18:1; C18:2, and C18:3 fatty acids
were identified in both positive and negative modes
(Supplementary Table S2). Monoacyl-
phosphatidylethanolamines were mainly identified as PE(18:2)
and PE(16:0), both unglycated but also glycated with mono- and
disaccharides (Sookwong et al., 2011; Lin et al., 2018). MG and
their galactosylated forms, respectively: digalactosylmono- and
diacylglycerols (DGMG and DGDG) containing C16:0 and C18:
2 fatty acids were also detected.

3.2 Amadori products

As mentioned above, and known from literature, free amino
acids and hexose-oligomers were identified in our extracts.
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Knowing the potential coupling of these compounds through
the first steps of the Maillard reactions, we systematically
screened our data to identify Amadori products generated by
condensation between a reducing sugar and compounds
containing a -NH, group (Davidek et al., 2005b; Xue et al,
2020) (Figures 1A,B). Since glucose is the most abundant sugar
monomer in malt, glucose reaction products were observed, and
we identified Amadori products with most of the proteinogenic
amino acids and with the non-proteinogenic amino acid gamma-
aminobutyric acidgamma-aminobutyric acid (GABA). The
combination of positive and negative mode analyses resulted
in the identification of products of such reaction for fifteen of the
twenty proteinogenic amino acids: Gly, Lys, Ala, Val, Ile/leu, Met,
Tyr, Phe, Trp, Pro, Arg, His and Glu/GlIn (identified as pyro-Glu
as discussed below) (Tables 2, 3).

In positive mode, the fragmented peaks correspond to
dehydrated Amadori products for fructosyl-Gly, fructosyl-Ala,
fructosyl-Met and fructosyl-Iso/Leu. In all these cases, an ion of
lower intensity but identical elution profile is observed at the
predicted molecular weight for the non-dehydrated compound.
In MS, peaks corresponding to the neutral loss of 2 H,O and (-
CO - H,0) from the non-hydrated compound are also often
observed, corresponding to the typical fragmentation pattern
presented in Figure 4 and resulting in spectra identical to
published data (Davidek et al, 2005b). For fructosyl-Val,
fructosyl-Phe, fructosyl-Trp and fructosyl-GABA, both the
non-dehydrated and de-hydrated forms were fragmented and
identified. Most of fructosyl-amino acids were identified in
positive mode only, except for fructosyl-Ile/Leu; -Phe and
-Trp, which were detected in both ionisation modes and
fructosyl-pGlu that was only found in negative ionization mode.

The MS/MS spectra of detected compounds show the same
fragmentation pattern: as an example of the positive mode
fragmentation, the MS/MS spectrum of m/z 278.1227 RT
0.59 is given in Figure 4. This peak was identified as
fructosyl-Pro based on a published fragmentation spectrum
(Davidek et al., 2005b).

The pattern shows losses of 18 and 36 Da corresponding to
the loss of one and two molecules of water. Afterwards, the loss of
-CO combined with one, two or three water molecules results in
losses of respectively 46 Da, 64 and 82 Da. Two more ions can be
observed in the fragmentation profile, corresponding to the
protonated amino acid and a peak at m/z of the amino acid
+12 Da (Davidek et al., 2005b), corresponding to [M + H - H20-
C5H804]". Lower m/z peaks corresponding to the structure of
the amino acid are also observed, for instance the peak at m/z
70.0651 corresponding to the proline immonium ion in Figure 4.

In negative mode, the MS/MS fragmentation spectrum of
these Amadori products with one monosaccharide has a base
peak corresponding to the loss of a hexose (M-162.05). For
instance, the fragmentation spectrum of fructosyl-Trp at m/z
365.13, has a base peak at m/z 203.08 [M-H -C¢H,,05]". Lower
molecular weight product peaks correspond to the fragmentation
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TABLE 3 [Hex],-fructosyl-amino acids, detected in brewer’s spent grain with LC-MS/MS in positive and negative ionization mode. Retention time,
molecular weight-to-charge ratio and ionization mode are shown, amino acids are given in the three-letter code, pGlu: Pyroglutamate.

RT min m/z

0.51 480.1809

0.51 469.2005

0.55 428.1751

0.59 440.1753

0.59 422.1646

0.90 440.1743/442.1907
0.9 424.18.05

1.01 602.2264/ 604.2432
1.06 472.1461/474.1629
0.98 452.1378

1.02 614.1902

1.25 776.2428

1.49 938.2952

121 504.1679/506.1855
121 488.1742

1.32 668.2378

1.88 454.1905/456.2068
1.91 438.1964

2.22 600.2484

222 616.2428/618.2594
2.23 940.3482

2.66 778.2953/780.3122
332 940.3481

377 472.1799

4.51 488.1743/490.1906
455 634.2330

4.57 650.2268/652.2433
4.68 812.2801

6.43 527.1848/529.2013
6.44 511.1909

6.44 689.2368

pattern of the specific amino acid in negative mode. For cysteine,
aspartic acid, asparagine, serine and threonine, no Maillard
reaction products were identified, while the presence of
fructosyl-pGlu might account for Maillard reaction products
of glutamic acid and glutamine as will be discussed below.

In addition to these Amadori products resulting from the
reaction between a reducing sugar monomer and the amino acid,
we also identified reaction products between amino acids and
longer oligosaccharides (Table 3).

Amadori products with oligosaccharides up to 5 monomers
are detected, resulting in series of peaks at different retention
times with an m/z shift of 162.05. Twenty-two compounds
glycated with a saccharide of more than one sugar residue
were detected in positive mode: 15 amino acids coupled to a
disaccharide, 6 products with a trisaccharide and Ile/Leu reacted
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Compound Ton
fructosyl-His hex [M+H]*
fructosyl-Lys hex [M-H]~
fructosyl-GABA hex [M+H]*
fructosyl-Pro hex [M+H]*
fructosyl-Pro hex - H,O [M+H]*
fructosyl-Val hex [M-H]/[M+H]*
fructosyl-Val hex - H20 [M+H]*
fructosyl-Val dihex [M-H] /[M+H]"
fructosyl-Met hex [M-H] /[M+H]*
fructosyl-pGlu hex [M-H]~
fructosyl-pGlu dihex [M-H]~
fructosyl-pGlu trihex [M-H]~
fructosyl-pGlu tetrahex [M-H]
fructosyl-Tyr hex [M-H] /[M+H]*
fructosyl-Tyr hex - H,O [M+H]*
fructosyl-Tyr dihex [M+H]*
fructosyl-Ile/Leu hex [M-H]/[M+H]"
fructosyl-Ile/Leu hex - H,O [M+H]*
fructosyl-Ile/Leu dihex - H,O [M+H]*
fructosyl-Ile/Leu dihex [M-H] /[M+H]*
fructosyl-Ile/Leu tetrahex [M-H]~
fructosyl-Ile/Leu trihex [M-H]/[M+H]*
fructosyl-Ile/Leu tetrahex [M-H]~
fructosyl-Phe hex- H,O [M+H]*
fructosyl-Phe hex [M-H]/[M+H]*
fructosyl-Phe dihex - H,O [M+H]*
fructosyl-Phe dihex [M-H] /[M+H]"
fructosyl-Phe trihex [M-H]
fructosyl-Trp hex [M-H] /[M+H]*
fructosyl-Trp hex - H,O [M+H]*
fructosyl-Trp dihex [M-H]~

with a tetra-saccharide. In negative mode, 18 amino acids
glycated with oligosaccharides were identified: 8 Amadori
products with a disaccharide, 5 with a trisaccharide, 3 with
tetra-saccharide and Amadori products of Ile/Leu and pGlu
with a pentasaccharide. For fructosyl-Gly, fructosyl-Ala,
fructosyl-Arg and fructosyl-Lys, no reaction products with
more than one sugar residue were identified. An extract of the
database that contains the data from the Amadori products is
given in Supplementary Table SI.

In addition to Amadori products with free amino acids,
fructosyl-derivatives of 7 dipeptides and 1 tripeptide were also
identified. Similar to the MS/MS pattern of Amadori compounds
with a single amino acid, the base peak of the fragmentation
spectrum of these fructosyl-derivates corresponds to a loss of
162.05Da ([M-H - C¢H;0Os]) from the precursor ion,
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FIGURE 4
MS/MS spectrum of fructosyl-proline in positive ionization mode.

confirming the presence of a hexose (Figure 5B). These peptides
are: pGlu-Pro; Ile/Leu-Pro; pGlu-Ile/Leu; Ile/Leu-Ile/Leu; Pro-
Phe; pGlu-Glu; Leu-Pro for the dipeptides and pGlu-Pro-Gln for
the tripeptide. The latter peptide sequence is abundant in grain
proteins and was identified as tripeptide in wheat gluten
hydrolysates (Gazme et al.,, 2019). The other dipeptides have
previously been identified in fermented grain-based products.

Concerning products of the second stage of the Maillard
reactions, pyrraline (RT 5.11 m/z 253.1179) and perlolyrine (RT
22.37 m/z 265.0963, positive mode) were identified (Chieri et al.,
2019).

4 Discussion

The worldwide increase in beer production results in high
amount of biomass by-products that are currently poorly
valorised as low-cost cattle feed or end up in landfills. The
bulk of this residual biomass is BSG, the solid residue after
filtration of mashed grains (Rachwal et al., 2020). In recent years,
this by-product is intensively studied as source of bioactive
molecules and a protein fraction with interesting properties
(Hellebois et al., 2021).

In this study, BSG has been oven-dried, because it is the most
frequently used stabilisation method in research and, based on
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previous study (Mussatto et al., 2006), the preferred technique for
industrial applications. Three solvents were used to make extracts
from dried BSG: milliQ water and milliQ-ethanol mixtures (20%
(v/v) and 40% (v/v)). The emphasis of the current study was on
the identification of compounds and the generation of a database
for use in subsequent optimisations. The global composition of
the extracts is similar, and the quantitative differences observed
in our dataset are those expected based on the polarity of the
solvents used.

The chemical composition of the extracts is in line with
previously reported analyses (Farcas et al., 2015; Gorzolka et al.,
20165 Tkram et al., 2017). Phenolics are one of the most studied
categories of compounds present in BSG extracts because of their
antioxidant capacity and their benefit for human health. Ferulic
acid and p-coumaric acid are the most frequently identified
phenolics in BSG extracts (Meneses et al, 2013; Connolly
et al., 2021). These were likewise found in our dataset both as
free compound and conjugated to polyamines (putrescine,
spermidine and agmatine in the identified hordatines) to form
phenolamides.

The total phenolic content (TPC) and the antioxidant
capacity measured in milliQ water, 20% ethanol and 40%
ethanol extracts are in line with those reported in literature
(Meneses et al., 2013; Socaci et al., 2018b; Bonifacio-Lopes et al.,
2020). Here, the same trend is observed in the 3 chemical assays
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FIGURE 5

(A) MS/MS spectrum of fructosyl-proline hexoside in positive ionization mode. (B) MS/MS spectrum of fructosyl-pGlu-lle/Leu in negative

ionization mode.

(FRAP, ORAC, TPC), the highest values are obtained for
extractions with 40% EtOH and these decrease further from
20% EtOH to water. The antioxidant capacity of the 40% EtOH
extract, measured with the FRAP assay, showed higher values
than those reported by Meneses et al. (2013). The highest value of
TPC corresponds to 1.38 mg GAE/g DW of 40% EtOH extracts,
which is higher than that of a 40% EtOH extract presented by
Socaci et al.,, 2018b (1.01 mg GAE/ g DW). Most studies agree
that extractions with solvents mixtures (water:ethanol) result in
extracts with higher TPC values than extractions with pure water
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(Meneses et al, 2013; Bonificio-Lopes et al, 2020), as we
obtained (Figure 3). Contrary to this, Almeida et al. (2017)
presented data showing a decrease in TPC with increasing
percentage of organic solvent in the extraction solvent. Beside
ethanol, other solvent mixtures have been used to extract
phenolics from BSG, some of them: 60:40 v/v acetone:water
(Meneses et al.,, 2013); 1:80:10 v/v/v HCl:methanol:water; 0.75%
NaOH:water (Moreira et al., 2013), resulted in higher TPC values
[respectively, 9.90 mg GAE/g DW (Meneses et al,, 2013); 4.53 mg
GAE/g DW (Guido and Moreira, 2017) and 19.5 mg GAE/g DW
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(Moreira et al., 2013)] than those presented in this work. However,
these solvents are considered not environmental friendly and
limited by food-grade regulations (Chetrariu and Dabija, 2020).
An alternative, greener method for BSG extraction is the
application of super critical CO, (Spinelli et al., 2016), however
the TPC values reported are lower than those from solvent-based
extractions (Macias-Garbett et al., 2021). In this study, we focused
on the identification of Amadori products extracted from BSG.
Fructosyl-Lys, free and protein bound, is the most abundant
Amadori product in malt and further processing of the malt
results in flavour compounds originating from fructosyl-Lys in
beer (Hellwig et al.,, 2016). However, the fructosyl-derivatives of the
other amino acids are rarely identified. We show that these
products are present in BSG extracts obtained according to
current practice. Moreover, we confirm that Amadori products
are formed between different amino acids and oligo-saccharides, as
was recently shown for N-e-maltulosyllysine (Hellwig et al,, 2016).

Amadori products were identified in processed food
subjected to drying, roasting and fermentation. In dried
vegetables (tomato, asparagus, carrot and celery), fructosyl-
derivatives of Ile/Leu, Phe, Val, Gln, Asn, Thr, GABA,
pyroglutamate, Ser, Arg, Glu, and Asp were detected (Eichner
et al, 1993). In dried pepper and tomato, fructosyl-Met,
fructosyl-Tyr and fructosyl-His were identified (Meitinger
et al, 2014) and Amadori products also were detected in
dried fruit like jujubes, raisins (Yuan et al, 2017), apricots
and plums (Davidek et al, 2005b). In roasted coffee and
cocoa, fructosyl-Ile/Leu, fructosyl-Phe, fructosyl-Met,
fructosyl-Val, fructosyl-Tyr and fructosyl-His were found
(Meitinger et al, 2014); compounds also detected in barley,
wheat malt and wheat beer (Meitinger et al, 2014). In a
recent study, direct injection of extracts from brewery
products and analysis with a Fourier transform mass
spectrometer resulted in the generation of a Maillard reaction
metabolome comprising 2,800 small molecules (Pieczonka et al.,
2021b). However, the resulting compound list was comprised of
exact molecular weights and their associated molecular formulae
and not of identified compounds. In a follow-up study, the same
group compared the metabolite signatures of beers with different
carbohydrate sources (wheat, barley, rice or corn) and grain-
species specific compounds, but no Maillard reaction products,
were identified (Pieczonka et al., 2021a).

As presented in Figure 4, the fragmentation pattern in
positive mode is similar for all fructosyl-derivates. The base
peaks are generated by de-hydration and the consecutive loss
of -CO from the sugar molecule. The amino acid can be identified
by the presence of an ion corresponding to the protonated amino
acid, a peak at + 12 Da and lower molecular weight peaks due to
the fragmentation of the amino acid (Davidek et al., 2005b;
Meitinger et al., 2014).

In addition to these well-known compounds, Amadori
products with longer oligosaccharides of up to 5 hexoses were
identified: 11 AA coupled to a disaccharide; 5 to a trisaccharide,
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3 to a tetrasaccharide and 2 to a pentasaccharide. In this count Ile
and Leu are considered as one AA. In Figure 5A, the MS/MS
spectrum of fructosyl-Pro hexoside, representative of the
observed MS/MS pattern in positive mode, is shown. It is
characterized by two losses of 180 and 324 from the precursor
ion at m/z 440, respectively resulting in a product ions at
260.11m/z [M + H - C¢H;,0¢]" and at 116.06 m/z (M +
H - 2 C¢H;00s]", corresponding to proline. Lower molecular
weight peaks correspond to those of the amino acid, observed as
protonated ion (m/z 116.06 [AA + H]" in Figure 4) and with the
addition of 12 Da (m/z 128.07 [AA+12]" in Figure 4) based on
the annotation of Davidek et al. (2005b). In negative mode, MS/
MS spectra of fructosyl-derivatives show fragment ions
corresponding to the losses of hexoses from the precursor and
the specific fragmentation of the amino acid. Amadori products
of several dipeptides and one tripeptide were also detected, the
fragmentation pattern of these compounds shows a base peak
resulting from the loss of 162.05 Da from the precursor ion and
further products characterizing the peptide, as shown in
Figure 5B.

In our extracts, Amadori products of most proteinogenic
amino acids were identified, except for glutamic acid, glutamine,
aspartic acid, asparagine, threonine, serine and cysteine. In the
following, the absence of these compounds will be rationalized.
Given that glutamic acid and glutamine are abundant in BSG
extracts (Kumari et al, 2019) and that the fructosyl-Glu and
fructosyl-Gln were absent in our analysis, we hypothesize that
compounds identified as fructosyl-pGlu represent the Maillard
reaction products of these two amino acids (Schlichtherle-Cerny
and Amado, 2002). The data presented by Eichner et al. (1993)
are in line with this and it is proposed to use the abundance of
fructosyl-pGlu as representing the sum of the content of
fructosyl-Glu and fructosyl-Gln (Eichner et al, 1993). The
low-level detection of fructosyl-Glu in other heat-exposed
biomass containing relatively high amounts of free glutamic
acid, such as sweet rice wine (Inoue et al, 2016), could
likewise be due to the formation of pyroglutamic acid from
glutamate. Similarly, while fructosyl-Glu and nine other
fructosyl-amino acids were identified in malt, fructosyl-Glu is
the only one not found in the resulting beer (Wittmann and
Eichner, 1989) after completion of the brewing process.
Glutamine is known to be unstable: it degrades rapidly when
exposed to high temperatures. At ambient temperature, Gln
degrades slowly to pyroglutamate and ammonia but after
30 min of incubation at 120°C of Gln-solutions a close to
complete conversion of GIn to pyroglutamate is observed
(Niquet and Tessier, 2007). Prolonged exposure to high
temperatures, as during mashing, may thus explain the
disappearance of fructosyl-Glu observed by Wittmann and
Eichner, 1989 and the fact that we do not observe fructosyl-
Gln while we observe fructosyl-pGlu. Therefore, the observed
pyroglutamate RT 0.90 (m/z 128.0345), fructosyl-pGlu and
Amadori compounds with longer oligosaccharides are likely
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the sum of the contributions from Maillard reactions of both
amino acids. However, specific studies on the thermal stability of
fructosyl-Glu/Gln, that could confirm this hypothesis, are missing.

Why no Amadori product from asparagine is identified,
although this amino acid is an important nitrogen source for
yeast during the fermentation of wort (Hill and Stewart, 2019)
and is present as free amino acid in BSG extracts (Table 1), is not
clear. Because of its negative health effects, acrylamide, mainly
formed through Maillard reactions with asparagine, is an
important Maillard reaction product. However, in a recent
study it was shown that no acrylamide was found in BSG
extracts (Patrignani and Gonzalez-Forte, 2021). Based on the
latter study, the rapid formation of acrylamide from fructosyl-
Asn cannot explain why we did not identify it.

No Amadori products of the two hydroxyl-containing amino
acids, threonine and serine, were identified although molecular
weights of known Maillard products derived from both (Noda
et al., 2016) were systematically screened. In malt, fructosyl-Ser
and fructosyl-Thr together with fructosyl-Gly showed the lowest
concentrations compared to the other detected Amadori
(Wittmann 1989).
hydroxyl amino acids have been found to be the most reactive

products and Eichner, Nevertheless,
in the formation of fructosyl-derivatives in several studies (Piloty
and Baltes, 1979; Fry and Stegink, 1982). The early elution of
these compounds together with their low abundance in malt
(Wittmann

corresponding  to

and Eichner,
these
fragmented in this study.

1989) may explain why ions
products were not observed/

Neither cysteine as free amino acid nor fructosyl-Cys were
detected in our extracts. This is likely due to the high reactivity of
the thiol-group with carbonyl or unsaturated carbonyl groups,
inhibiting pigment formation through the Maillard cascade (Noda
et al, 2016). Nonetheless, 2,4-dihydroxy-2,5- dimethyl-3(2H)-
thiophenone (DHDMT), a product of the reaction between
glucose and cysteine, was detected in processed food such as soy
sauce, miso, beer, burnt onion, crust of bread and roasted wheat grains
(Noda et al,, 2016). DHDMT was not identified in the present study.

Other known Maillard reaction products, used to assess quality
for instance in honey (Sanz et al., 2003) and prepared food (Yu
et al., 2018), were also looked for and none of these were identified.

In our extracts, oligo-hexoses containing 1 to 9 monomers
were confirmed by MS/MS (Supplementary Table S2) and
oligosaccharides of up to 20 monomers were observed based
on m/z alone. With this mixture of oligo-hexoses in BSG and a
lack of knowledge on the impact of oligosaccharide length on the
reactivity of the reducing sugar towards amino acids, we
that with
oligosaccharides are formed. The same reasoning was recently

postulate Amadori products even longer
used to explain the higher abundance of N-e-fructosyllysine over
N-e-maltulosyllysine by the predominance of glucose over
2020). Detailed

quantitative data on the content of oligosaccharides in BSG is

maltose in malt (Hellwig and Henle,

limited, but more information is available for malt. Although the
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range of data reported for each compound is broad, most likely
due to biological and process-related factors, glucose is, in
general, more abundant than maltose. One study reported
19.5g/kg for glucose and 11.8 g/kg for maltose in malt
(Allosio-Ouarnier et al., 2000). Since these values are given in
g/kg and maltose has a higher molecular weight than glucose but
also only one reducing sugar equivalent, the contribution of
glucose to the Maillard reaction is expected to be several times
higher than that of maltose. Furthermore, the quantity of longer
oligo-hexoses was found to decrease significantly both in the
previously cited study (Allosio-Ouarnier et al., 2000) and in other
comparable analyses (Duke and Henson, 2008). The dominance
of small saccharides over larger ones corresponds to the observed
intensity of the fructosyl-AA-[Hex], products, with Amadori
products with more than 3 hexoses falling below the detection
limit for most amino acids.

The identification of PE lipids with oligo-hexoses attached to
the ethanolamine group furthermore indicates that a similar
reaction takes place between the PE head group and reducing
sugars. The formation of these products is known to occur in
heat-treated food and was recently studied in detail (Lin et al,
2018). High-temperature incubation of PE with glucose resulted
in the fast formation and transient accumulation of Amadori-PE,
an intermediate in the slower formation of carboxymethyl-PE
(CM-PE) and carboxyethyl-PE (CE-PE). These products have
also been reported to be formed in vivo in red blood cells
(Fountain et al,, 1999) and their monitoring is indicated as
important in the assessment of ageing and age-related diseases
(Sookwong et al., 2011). Furthermore, the quantification of these
compounds was proposed as a quality criterion for processed
food (Utzmann and Lederer, 2000).

Cyclic dipeptides, known as diketopiperazines, were
identified in our extracts. Diketopiperazine formation is
considered a side reaction of the Maillard cascade and, as
other Maillard reaction products, contributes to the taste and
colour of food. Furthermore, they display a broad spectrum of
bioactivities including activities sought for in BSG extracts
(Borthwick and Da Costa, 2017).

Amadori products are the precursors of AGEs. The latter can
alter protein structure or conformation, leading to modification
in tissues by changing intermolecular links, increasing the
number of free radicals and inducing inflammatory responses.
These biological activities are prone to result in the development
of cardiovascular diseases and diabetes (Delgado-Andrade,
2014), have a detrimental effect on cartilage and bones and
result in a reduction of skin elasticity thereby promoting the
ageing-process. All these physiological effects are the opposite of
what food supplements are targeted at. On the other side, detailed
studies of some of the compounds identified here, notably
fructosyl-Arg and fructosyl-Tyr, show that they have a metal-
chelating and antioxidant capacity (Ide et al., 1999; Mossine and
Mawhinney, 2007). Other compounds such as fructosyl-Trp,
-Tyr, -Gly, -Lys, and -Leu have a measured antitumor and
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anti-inflammatory activity (Mossine and Mawhinney, 2007; Lee
et al,, 2016). Other beneficial biological activities (anti-bacterial and
anti-fungal) are likewise attributed to some of these compounds or
AGE products generated from these compounds. Considering these
contradicting activities for the different compounds, more studies
are needed on their metabolism during digestion and their
bioavailability, as well as on the effects of their long-term ingestion.

The identifications reported here indicate that in the
valorisation of BSG extracts as food supplement other
than those should be
considered. Although some of the compounds reported here

compounds generally quantified
only give a low-intensity signal during MS and thus are probably
of relatively low abundance, their known biological activities may
make their detection and quantification important.

The data presented here show that BSG extracts, and most
likely other processed food products, contain a larger diversity of
Maillard reaction products than generally studied. Not only were
monosaccharide ~ Amadori products found for most
proteinogenic amino acids, for dipeptides and for amino
group-containing lipids, but reaction products with longer
identified. By these

identifications in BSG, our data support the recent hypothesis

oligosaccharides ~ were  likewise
that disaccharide-derived glycated amino acids other than lysine
are present in malt (Hellwig and Henle, 2020).

During malting, the kilning step, high temperature drying, is
the first step that may result in Amadori products (Wittmann and
Eichner, 1989) followed by the mashing phase. After mashing BSG
is separated from the liquid phase, which continues the brewing
process. Different kilning conditions and high temperatures
during mashing are essential for taste development and, given
the high temperatures, contribute to the formation of Amadori
products found in beer (Inns et al., 2007), and thus BSG.
Furthermore, the drying step prior to extraction, considered
necessary to avoid microbial degradation in most studies on
BSG valorization, can affect the Amadori content and
composition (Eichner et al., 1993). During mashing, free amino
acids and reducing sugars are released enzymatically from malt
proteins and oligosaccharides and solubilized in the wort. These
freeaminoacidsand reducing sugars are not only found in the wort
but, as a comparative study on malt before mashing and on freeze-
dried BSG showed (Robertson et al., 20105 Jin et al., 2022), also in
BSG. While no exhaustive dataon Amadori productsisavailable on
extracts from fresh, undried BSG it can thus be assumed that
Amadori products identified in malt and after kilning are also
present in BSG prior to drying. This however does not exclude that
drying of BSG prior to the extractions donein this study contributes
to the observation/abundance of these compounds. This is even
highlylikely knowing the presence of numerous Amadori products
in dried food (Meitinger et al., 2014). Nonetheless, stabilization of
BSG is considered essential due to its richness and its capacity to
support microbial growth. Several methods have been used to
stabilize BSG; besides oven drying, these include freeze drying or

direct freezing. Although freeze-drying is considered a better
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technique, as the cold temperatures applied during the process
maintain the BSG composition unaltered, it is not economically
sustainable considering the amount of BSG biomass produced
(Mussatto et al., 2006; Lynch et al., 2016). For this reason, oven
drying s still the most suitable method for BSG stabilization due to
its ease and lower execution costs (Mussatto et al, 2006;
Krakowska-Sieprawska et al., 2022).

The biological activities of some of the Amadori products
with sugar monomers identified here have been studied and often
gave conflicting results from health-promoting to detrimental for
health. These may thus contribute or counteract the targeted
effects of food supplements based on BSG extracts. Furthermore,
the biological activities of Amadori products formed with sugar
oligomers is not at all known. For this reason, the quantification
of some of the compounds identified here, and in general detailed
studies on the composition offood supplements, may be needed
to optimize the use of BSG as source of food supplements.
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