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a b s t r a c t 

This study aimed to valorize brewer’s spent grain (BSG) from a side-stream into protein ingredients suitable for 
human consumption. The impact of protease treatments was studied for solubilizing BSG proteins. Treatment 
with Protamex or simultaneous co-incubation of Protamex and Flavourzyme solubilized up to 60% of the to- 
tal protein in BSG, whereas co-incubation with Flavourzyme increased the availability of hydrophobic amino 
acids (Val, Phe, Ala, Leu, Ile) in extracts. The scale-up of protease treatments demonstrated comparable solubi- 
lized protein fractions in 0.1 L and 10 L reaction volumes. Thorough sequence-based peptide analysis by liquid 
chromatography-ion mobility-mass spectrometry resulted in the identification of 479 and 451 water-soluble pep- 
tides in the hydrolysates obtained with Protamex or co-incubation of Protamex and Flavourzyme, respectively. 
Main cutting sites on BSG proteins were identified between Leu-Gln, Tyr-Phe, Pro-X (Protamex), complementing 
with a variety of cutting sites mainly next to Gln, Pro, Ile, and Phe when combined with Flavourzyme. Uniform 

protease activity throughout the entire B-hordein sequence and the formation of peptides with varying sequence 
lengths did not increase the bitterness of the hydrolysates compared to the BSG sample with water extraction. 
These results support the characterization of enzymatic treatments in plant-based materials and the production 
of hydrolysates with desired composition. 
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. Introduction 

In recent years, there has been a growing interest for food enrich-
ent with high-quality plant-based protein concentrates and isolates,

s well as dietary fibers. Various plant sources e.g., legumes, cereals,
eeds, or nuts, are widely used as raw materials for production of these
ngredients ( Sá, Moreno, & Carciofi, 2020 ). At the same time, enormous
mounts of food industry protein- and fiber-rich side-streams, such as
rewer’s spent grain (BSG), are left unattended and usually discarded
r used as a feed. Each year 39 million tons of BSG is generated by
reweries worldwide ( Lynch, Steffen, & Arendt, 2016 ). Although BSG
s rich in proteins; fibers such as hemicellulose, cellulose, and lignin;
ipids; vitamins; and minerals, its wider use is still limited due to its high
oisture content and microbiological instability ( Lynch et al., 2016 ;
obertson et al., 2010 ). Thus, biorefinery concepts with simple fraction-
∗ Corresponding author. 
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tion methods would be a promising solution for producing value-added
ngredients. Lately, the possibilities of using BSG as activated carbon or
orbent, solid fuel or starting material for biogas production, fertilizer,
onstruction material, and extraction of high-value components (like
rabinoxylans, polyphenol, antioxidants, glucose, or proteins) for hu-
an nutrition have been considered ( Jackowski, Niedzwiecki, & Trusek,
020 ; Puligundla & Mok, 2021 ). 

The proteins are one of the most valuable components in BSG, com-
rising 20–30% of the dry weight ( Lynch et al., 2016 ; Robertson et al.,
010 ), whereas the storage proteins, hordeins and globulins, have
een found to be the most abundant ones in BSG ( Bi et al., 2018 ).
uitable pre-treatment procedures (e.g., chemical, physical, or enzy-
atic) are necessary for increasing BSG protein extractability ( He et al.,
019 ; Niemi, Martins, Buchert, & Faulds, 2013 ; Qin, Johansen, & Mus-
atto, 2018 ; Rommi, Niemi, Kemppainen, & Kruus, 2018 ; Yu et al.,
020 ). Protein yield, as well as the physicochemical properties of pro-
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eins from BSG, can be improved by degrading plant cell wall ma-
rix with carbohydrases or unfolding of proteins and releasing pep-
ides and amino acids with protease treatments ( Celus, Brijs, & Delcour,
007 ; Treimo, Aspmo, Eijsink, & Horn, 2008 , 2009 ). Protease treat-
ents are especially valuable by specifically solubilizing proteins, in-

reasing protein separation efficiency, and producing high protein prod-
cts ( He et al., 2019 ). In food industry, the hydrolyzed BSG proteins can
e beneficial due to the increased digestibility of the proteins, as well im-
roved techno-functional properties, or presence of potential bioactive
eptides ( Celus et al., 2007 ; Cermeño et al., 2019 ; Connolly, O’Keeffe,
iggott, Nongonierma, & Fitzgerald, 2015 ). However, one of the lim-
tations for using such hydrolysates in food products may be the sen-
ory characteristics due to the formation of peptides with astringent
r bitter off-flavors ( Großmann, Merz, Appel, Thaler, & Fischer, 2021 ;
chlegel et al., 2019 ). 

Usually, the main methods for characterizing protein hydrolysates
nvolve analysis of the degree of hydrolysis of the peptide bonds,
pplying different separation techniques such as size exclusion
hromatography, electrophoretic methods, sodium dodecyl sulfate-
olyacrylamide gel electrophoresis (SDS-PAGE), or capillary elec-
rophoresis ( Silvestre, 1997 ). These methods give an overview of the
xtent of hydrolysis, approximate molecular weight distribution of pro-
eins and peptides, but do not provide specific information about the
omposition of protein hydrolysates. Essentially, liquid chromatogra-
hy coupled with mass spectrometry (LC-MS) becomes especially useful
or identification of peptide sequences in the hydrolysates ( Léonil, Gag-
aire, Mollé, Pezennec, & Bouhallab, 2000 ). The MS-based methods
ave been applied in determination of bioactive peptides in food
roteins and hydrolysates. For instance, the BSG hydrolysates have
een efficiently fractionated and specific BSG-derived bioactive pep-
ides exhibiting angiotensin converting enzyme or dipeptidyl peptidase
V inhibitory activities have been identified ( Cermeño et al., 2019 ;
onnolly et al., 2015 ). Additionally, using sensory-guided fractionation
echniques together with peptide identification allow to reveal amino
cid sequences of the bitter peptides and thus support further develop-
ent of protein hydrolysates with higher sensory acceptance ( Liu, Jiang,
 Peterson, 2014 ). Another advantage of MS-techniques is the possibil-

ty of characterizing the specificity of different proteases ( Hinnenkamp
 Ismail, 2021 ). However, for enzymatic treatments of BSG proteins,

here is still a lack of studies on determination of specific water-soluble
eptides and the cleavage sites. 

The aim of this study was to obtain solubilized BSG proteins and pep-
ides with acceptable sensory characteristics. The potential treatments
or BSG were chosen based on the evaluation of protein solubilization,
ree amino acid (FAA) content, and sensory attributes such as taste and
dor of the extracts. The process reliability was demonstrated by ampli-
ying the enzymatic process from the laboratory-scale (0.1 L) to the semi
ilot-scale (10 L). Furthermore, an ion mobility enabled LC-MS/MS sys-
em was used to identify the water-soluble peptides. Each peptide was
ocalized on the BSG protein sequence, allowing to assign the cleavage
ites of the proteins and the activities of the proteases. 

. Materials and methods 

.1. Materials 

The BSG of India pale ale-type beer was obtained from brewery in
reising, Germany. The wet sample was dried by convective drying at
0 °C, ground to the particle size of about 385 μm, and stored in alu-
inum bags at room temperature until further analyses. Commercial

nzymes, Protamex® (declared activity 1.5 AU/g) a serine endopro-
ease and Flavourzyme® (declared activity 1000 LAPU/g) a mixture of
ndo- and exopeptidase, were provided by Novozymes (Bagsvaerd, Den-
ark). Other chemicals were obtained from Sigma-Aldrich (Darmstadt,
ermany). 
2 
.2. Composition analyses of BSG 

Dry matter and ash content of the BSG sample was determined using
 thermo-gravimetrical system (TGA 601, Leco Corporation, St. Joseph,
I, USA) at 105 °C and 950 °C, respectively ( Naumann, Schweiggert-
eisz, Haller, & Eisner, 2019 ). The crude protein content was measured

y the Dumas combustion method on a TruMac N system (Leco Corpora-
ion, St. Joseph, MI, USA) by applying a conversion factor of N × 6.25.
nalyses were performed in duplicates and in accordance with the As-
ociation of Official Analytical Collaboration (AOAC) Official Methods
23.03–2003 and 968.06–2003, respectively. The fat content was as-
essed using an automated Soxhlet apparatus B-811 (BÜCHI Labortech-
ik AG, Flawil, Switzerland) according to the AOAC 996.01–2000 stan-
ard procedure. Soluble and insoluble dietary fiber contents were de-
ermined using enzymatic-gravimetry; total dietary fiber was calculated
total dietary fiber = soluble dietary fiber + insoluble dietary fiber) ac-
ording to the AOAC Official Method 991.43–2016. Total phytic acid
ontent was measured using Phytic Acid Assay Kit from Megazyme (K-
HYT, Bray, Ireland) according to the manufacturer’s instructions. 

.3. Solubilization of BSG proteins 

For laboratory-scale protein solubilization experiments the ground
ample was mixed with deionized water at 1:10 (w/v) ratio in 250 mL
rlenmeyer flasks. The pH was adjusted with 2 M of NaOH to pH 8.5.
he pH for enzymatic treatments was set based on the manufacturer’s
uggestions and according to the pH drop occurring during the incuba-
ion. Thereafter, 0.5% Protamex or 0.1% Flavourzyme was added based
n dry matter content of BSG and the mixtures were incubated in a
haker incubator (KS 3000 i control, IKA, Staufen, Germany) at 50 °C,
50 rpm, for 3 h. The water extraction at the same temperature, pH, and
ime as the enzymatic treatments was added as a control. After all treat-
ents, the suspensions were heated for 10 min at 95 °C, cooled down,

nd centrifuged at 4000 x g for 15 min. The scale-up study was carried
ut in a 10 L following the same protocol as in laboratory-scale experi-
ents. The collected extracts were used for determination of solubilized
rotein, FAA, water-soluble peptides, and sensory characteristics. 

.4. Characterization of extracts 

.4.1. Solubilized protein determination 

The solubilized protein content in collected supernatants was de-
ermined by a Pierce TM Modified Lowry Protein Assay Kit (Thermo
cientific TM , Rockford, USA) according to manufacturer’s instructions,
onsidering bovine serum albumin as calibration standard. Additionally,
he protein (total N) content was determined by Kjeldahl method using
 × 6.25 as a conversion factor (ISO 5983–2:2009). Solubilized pro-

ein is presented as concentration in mg/mL or % of total protein in BSG
alculated by using Eq. (1) . 

olubilized protein or FAA ( % ) 

= 

Initial volume [ mL ] × protein or FAA content in supernatant 
[

mg 
mL 

]

sample mass 
[
mg 

]
× protein cont ent 

[
% db 

]
× dry matt er [ % ] 

× 100 (1) 

.4.2. FAA determination 

Analysis of FAA was performed by an Acquity UPLC system (Waters
orp., Milford, MA, USA). The BSG extracts were centrifuged for 5 min
t 13,304 × g and filtered through a 0.2-μm PTFE filter (Merck Milli-
ore, Darmstadt, Germany). Before the injection, FAA were derivatized
ith AccQFluor Reagent (Waters Corp.) according to the manufacturer’s
rocedure. 0.7 μL derivatives were loaded on AccQTag TM Ultra columns
2.1 × 100 mm) at 55 °C (flow rate 0.7 mL/min) connected to a PDA
etector ( 𝜆= 260 nm). Amino acids were separated using a 10 min gradi-
nt from 0.1 to 59.6% B (A, AccQTag Ultra eluent A; B, AccQTag Ultra
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luent B; Waters Corp.). The concentrations of amino acids (mmol/L)
ere calculated using standard curves. The FAA content is presented as

oncentration in mg/mL or % of total protein in BSG calculated by using
quation 1 . 

.4.3. LC-MS/MS analysis of peptides 

The supernatants of enzymatically treated samples were mixed with
cetonitrile (ACN) at 1:1 ratio to precipitate the proteins, vortexed, cen-
rifuged for 10 min at 18,407 × g, diluted with deionized water (1:9)
nd transferred into the autosampler vials. Water-soluble peptides were
eparated using Acquity I-Class Plus UPLC system (Waters, Milford, MA,
SA) on a Waters Acquity UPLC HSS T3 1 × 150 mm column and de-

ected using Vion IMS-QTof (Waters, Milford, MA, USA). Eluent A was
.1% formic acid (FA) in water and 0.1% FA in ACN was used as elu-
nt B. Four consecutive linear gradients for peptide elution were as fol-
ows: during the first minute 0–0.5% eluent B, 0.5–40% eluent B over
he next 45 minutes, from 51 to 57 minutes 95% eluent B, and to the
nd of 60-minute run 0.5% eluent B. An injection volume of 1 μL was
sed. The autosampler and column temperature were set at 8 and 40 °C,
espectively. The capillary and cone voltages were 3 kV and 40 kV, re-
pectively. The cone and desolvation gas flows were 50 and 700 L/h,
espectively. Source and desolvation temperatures were kept at 120 °C
nd 500 °C, respectively. The data were acquired in HDMSe acquisition
ode over the mass range 50–2000 m/z in positive ionization mode. 

For the identification of peptides, the sequences of 16 barley
 Hordeum vulgare ) proteins (B-, C-, D-, 𝛾-hordeins, and globulins were
aken from the UniProt Database ( https://www.uniprot.org ). The pep-
ide data were processed with Waters UNIFI (1.9.4.053) using Peptide
ap workflow and filtered using the following selection criteria: mass

rror was between -5 and 5 ppm and the number of matched first gen pri-
ary ions was ≥ 1. The visualization of the results obtained from UNIFI
rocessing was performed using in-house data analysis routines imple-
ented in Python programming language (Python Software Foundation,

ersion 3.5, available at http://www.python.org ). 

.4.4. Sensory assessment 

The sensory analyses were performed with trained panelists (n = 8;
 ̄(age) = 34; 1 male, 7 females), who evaluated enzymatically treated BSG
uspensions according to taste and aroma attributes. The evaluation was
onducted in a standardized sensory room (ISO 8589:2007) and the pan-
lists had at least two years of experience with sensory analysis. An addi-
ional training session was carried out with selected BSG extracts prior
esting session to familiarize with the products and specify attributes
or the assessment. The samples were evaluated in two parallels. All the
amples were coded with a three-digit number, and the order of samples
as randomized according to Williams’ Latin square design. Sensory at-

ributes (taste and odor) were evaluated on a 0–9 scale, where 0 means
one, 1 —very weak, 5 —moderate, and 9 —very strong. 

.5. Statistics 

Results are expressed as average ± standard deviation of three or two
eplicates. Statistical differences among data were calculated based on
aired two-tailed t -test (Microsoft Excel for 365 MSO Version 2110 Build
6.0.14527.20270). The values were considered significantly different
hen p < 0.05. 

. Results and discussion 

.1. Characterization of raw material 

After drying and milling of the raw BSG, the dry matter content was
7.6%. The protein, total dietary fiber, fat, and ash content were 22.5%,
5.8%, 7.2%, and 4.4% (dry basis), respectively ( Supplementary Ta-

le S1 ). A vast majority of the dietary fibers were insoluble dietary fiber
3 
almost 100%, dry basis). The pH of the BSG sample in 25 °C water sus-
ension was 5.1, which should be considered if pH adjustment for enzy-
atic pre-treatments is needed. Investigation of antinutrients revealed
hytic acid content of 1.7% (dry basis). Depending on the used barley
arieties, malting, or brewing processes, the used BSG samples can have
ifferent composition ( Jin et al., 2022 ; Robertson et al., 2010 ). There-
ore, it is important to have sufficiently robust processing methods that
ould be applicable for a wide variety of BSG samples. 

.2. Characterization of solubilized BSG protein extracts 

.2.1. Analysis of protein and FAA content 

Table 1 shows solubilized protein (determined by Lowry assay and
jeldahl method) and FAA content of extracts after enzymatic treat-
ents in 0.1 L as well as 10 L reaction volumes. Lowry assay was applied
ue to the possibilities of quick and easy protein determination with
elatively low sample amounts. In further experiments with selected re-
ction conditions and larger sample quantities, the protein content was
lso evaluated by Kjeldahl method. 

Based on laboratory-scale screening experiments (data not shown),
rotease treatment conditions that allowed the highest protein solubi-
ization while using the lowest enzyme dose and incubation time were
hosen. One of the tested enzymes was Protamex as this endopeptidase
as demonstrated a high degree of BSG protein solubilization as well
s great potential for the production of plant-based hydrolysates with
ower bitterness ( Schlegel et al., 2019 ; Treimo et al., 2008 ). The ex-
eriments with selected reaction conditions showed that up to 50% of
rotein (determined by Lowry assay) can be solubilized with 0.5% of
rotamex treatment for 3 h in 0.1 L reaction volume ( Table 1 ). Ad-
itionally, Flavourzyme (an exopeptidase) was used together with the
bove-mentioned protease as it could decrease a bitter aftertaste of ob-
ained hydrolysates by removing the N- and C-terminal hydrophobic
mino acids from bitter peptides ( Fu, Liu, Hansen, Bredie, & Lametsch,
018 ; Saha & Hayashi, 2001 ). Moreover, extensive hydrolysis, higher
rotein solubility, small-size peptides, and increased FAA content are
xpected if sequential or simultaneous hydrolysis with endo- and ex-
peptidases is performed ( Hinnenkamp & Ismail, 2021 ; Vioque et al.,
999 ). In this study, co-incubation of Protamex and Flavourzyme in-
reased FAA content compared to those of Protamex treatment alone
p < 0.05) ( Table 1 ). Flavourzyme treatment alone did not enhance pro-
ein solubilization. The FAA content, on the other hand, increased, but
emained almost four-fold lower compared to the incubation together
ith Protamex. Therefore, these results also indicate the need to hy-
rolyze the BSG protein into peptides with endopeptidases before ex-
peptidases can be applied. However, studies have demonstrated that
lavourzyme could be used for improving techno-functional properties
f BSG proteins and increasing the solubility of proteins at different pH
alues ( Celus et al., 2007 ). Usually, such enzymatic treatments are per-
ormed for protein isolates or concentrates. Here, direct enzymatic treat-
ent of BSG was applied which may also lead to lower enzyme activities
ue to the limited access of peptidases to the cleavage sites of proteins.

The scale-up experiments in 10 L reaction volumes were conducted
imilarly to the laboratory-scale experiments. No constant pH control
as applied after its initial pH adjustment to 8.5, and after 3 h of in-

ubation, the pH of all samples was around 7.5. The results show that
he scale-up process was effective and similar levels of solubilized pro-
ein and FAA were observed in both reaction volumes ( Table 1 ). Ac-
ording to the results obtained with Kjeldahl method, the BSG treat-
ent with Protamex or simultaneous co-incubation with Protamex and

lavourzyme led up to 60% of solubilized protein content. Both Lowry
ssay and Kjeldahl method can be used for the determination of solubi-
ized protein fraction. Lowry assay becomes especially useful if changes
f protein content in a larger number of samples in the same data set are
xamined. For comparative purposes with the data from the literature,
tandard methods (e.g., Kjeldahl) should be preferred. 

https://www.uniprot.org
http://www.python.org
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Table 1 

Solubilized protein and FAA content of BSG extracts after various treatments in 0.1 L and 10 L reaction volumes. 

Reaction volume and sample name Solubilized protein by Lowry assay Solubilized total protein by Kjeldahl method FAA 

mg/mL % mg/mL % mg/mL % 

0.1 L Extr.: pH 8.5 3 h 5.5 ± 0.4 a 25 a 4.1 ± 0.1 a 19 a 0.22 ± 0.01 a 1.0 a 

0.1 L 0.5% Prot 3 h 11.0 ± 0.5 b 50 b 12.6 ± 0.1 b 57 b 0.33 ± 0.02 b 1.5 b 

0.1 L 0.5% Prot + 0.1% Flav 3 h 11.0 ± 0.9 b 50 b 12.9 ± 0.1 c 59 c 1.17 ± 0.03 c 5.3 c 

0.1 L 0.1% Flav 3 h 4.2 ± 0.9 c 19 c 3.9 ± 0.1 d 18 d 0.32 ± 0.02 b 1.4 b 

10 L Extr.: pH 8.5 3 h 4.4 ± 0.7 a 20 a 3.2 ± 0.0 a 15 a 0.31 ± 0.02 a 1.5 a 

10 L 0.5% Prot 3 h 12.6 ± 0.4 b 57 b 12.8 ± 0.0 b 58 b 0.42 ± 0.02 b 1.8 b 

10 L 0.5% Prot + 0.1% Flav 3 h 14.6 ± 0.8 ab 67 ab 13.4 ± 0.0 b 61 b 1.23 ± 0.10 c 5.7 c 

The data represents the average ± standard deviation (n = 3 for 0.1 L and n = 2 for 10 L). Different letters within the same column 
of the same reaction volume are significantly different (p < 0.05). FAA, free amino acid; Extr., water extraction; Prot, Protamex; Flav, 
Flavourzyme. 

Fig. 1. Free amino acid (FAA) composition (%) 
after non-enzymatic (Extr. pH 8.5 3 h) and en- 
zymatic treatments (0.5% Prot 3 h and 0.5% 

Prot with 0.1% Flav 3 h) in 10 L reaction vol- 
umes. The data represents the average ± stan- 
dard deviation (n = 2). The sum of the FAA 

content in extracts is presented in Table 1 . 
Extr., water extraction; Prot, Protamex; Flav, 
Flavourzyme. 
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Based on the dry matter content of the extracts in 10 L scale-up
xperiments, the protein concentration in water extracted sample was
8.4 ± 0.3%. Applying only Protamex treatment or co-incubation of Pro-
amex and Flavourzyme increased the protein content up to 53.9 ± 0.3%
nd 46.9 ± 0.3% on a dry matter basis, respectively. After drying, these
owders can be used as protein-rich products. However, as the extracts
re mixtures of solubilized proteins and fibers, further fiber separa-
ion should be considered for increasing the purity of the final product
 He et al., 2019 ; Rommi et al., 2018 ). 

Fig. 1 presents the FAA composition of BSG extracts from the scale-up
tudy. After water extraction of BSG at pH 8.5 for 3 h, the FAA content
as 1.5% of the total protein content in BSG ( Table 1 ). In this water

xtracted BSG sample the dominating amino acids were Pro, Leu, Phe,
lu, Arg, and Ala. Previous research has demonstrated that the most
bundant amino acids in BSG and its hydrolysates are Gln, Pro, and Glu
 Treimo et al., 2008 ; Yu et al., 2020 ). However, the released FAA content
s dependent on the brewing processes and therefore varies significantly
etween different BSG types ( Jin et al., 2022 ). Regarding protease treat-
ent of BSG, the FAA analysis gives additional information about the

nzyme activities. As Protamex has mainly high endopeptidase activity
hen most of the FAA remained comparable to that of the control sam-
le. However, an increase in Lys, Leu, and Arg contents refer to the low
xopeptidase activity of this enzyme. As expected, co-incubation of Pro-
amex and Flavourzyme increased the content of most of the hydropho-
ic amino acids, especially Leu, Ile, Phe, Val, Ala, and also Gln and Arg
 Fig. 1 ). First four from the list are also essential, which supports the
urther use of these hydrolysates in food products as well. 

.2.2. Analysis of water-soluble peptides 

No peptides were detected in the control water-soluble extract of
SG without enzyme treatment. In contrast, 479 and 451 water-soluble
4 
eptides were identified in samples treated by Protamex and Protamex
ogether with Flavourzyme, respectively, of which only 109 peptides
ere found to be common for both samples. Most of the peptides were
erived from the C- and B-hordeins, which is in agreement with a
igher abundance of these storage proteins in untreated barley grain
 Shewry, 1992 ). 

Both enzymatic treatments resulted in a mixture of peptides of vary-
ng sequence lengths ( Fig. 2 ). More uniform distribution of smaller pep-
ides in the range from 4 to 16 amino acid long sequences manifested in
SG samples undergone combined treatment with two enzymes. More-
ver, there was a clear production of 19, 20, and 40 amino acid long
eptides along with the disappearance of 21 and 41 amino acid long
nes, indicating the exopeptidase action of Flavourzyme ( Fig. 2 ). 

The peptide coverage profiles of B-hordein provide a good overview
f the protein regions more accessible by the enzymes ( Fig. 3 ). Similar
eptide coverage profiles were plotted also for C-, D-, and 𝛾-hordeins
 Supplementary Figure S1, S2 ) . The peptide coverage profiles show
hat the hydrolyzed regions of the proteins are very similar among the
wo treatments. It can be suggested that the addition of Flavourzyme
o the BSG sample resulted in the degradation of peptides obtained af-
er the action of Protamex and no additional regions of hydrolysis were
ccessed by the enzymes. Nevertheless, certain differences in peptide in-
ensities can be distinguished. Thus, in the sample treated by Protamex
nly, a larger number of peptides with high intensities was obtained
 Fig. 3 A). These peptides were most likely hydrolyzed to smaller pep-
ides: the number of peptides with lower intensity over the same part
f the sequence was higher in the BSG extract after combined treatment
ontaining Flavourzyme as well ( Fig. 3 B ). This is in good accordance
ith the study on enzymatic hydrolysis of BSG proteins, where the level
f high molecular weight protein fragments has been decreased after the
reatment with Flavourzyme ( Celus et al., 2007 ). Some peptides with
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Fig. 2. Distribution of all identified peptides by length in BSG samples treated by 0.5% Prot and 0.5% Prot with 0.1% Flav for 3 h. Prot, Protamex; Flav, Flavourzyme. 

Fig. 3. Peptide coverage profiles of B-hordein in BSG samples treated by (A) 0.5% Prot and (B) 0.5% Prot with 0.1% Flav for 3 h. The intensities of peptides are 
shown in colors according to the color scale displayed on the right. The sequence of the reference B-hordein is plotted on the horizontal axis. Blue lines and one-letter 
abbreviations of amino acids on the peptides indicate the differences in the peptide sequences in genetic variants of B-hordein. Thus, the peptides from all genetic 
variants of B-hordein are shown on one plot. Prot, Protamex; Flav, Flavourzyme. 

Fig. 4. The enzyme cleavage sites of B-hordein based on the water-soluble peptides identified in BSG samples treated by (A) 0.5% Prot and (B) 0.5% Prot with 0.1% 

Flav for 3 h. The sequence of B-hordein is plotted on the horizontal axis. Blue bars: summed intensities of the N-terminal amino acids of peptides. Red bars: summed 
intensities of the C-terminal amino acids of peptides. Prot, Protamex; Flav, Flavourzyme. 
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igh intensity (e.g., B-hordein f70–102, f24–51, f2–10) were also seen
n the Fig. 3 B , which can be attributed to the endopeptidase activity of
lavourzyme directly towards B-hordein. 

The difference in the activities of Protamex and Flavourzyme to-
ards B-hordein can be seen in Fig. 4 . The hydrolysis of peptides
y exopeptidases, that cleave one or two amino acids from the N-
nd C-terminal end of peptides, was evident in the cleavage sites pat-
ern of B-hordein in the sample treated with two enzymes. Thus, the
bundant cleavage sites Leu 90 -Gln 91 , Leu 123 -Gln 124 , and Tyr 226 -Phe 227 

n the case of the treatment with Protamex alone ( Fig. 4 A ) replaced
ith a ladder of consecutive cleavages Gln 91 -Gln 92 and Gln 92 -Pro 93 ,
5 
ln 124 -Ile 125 , Ile 125 -Pro 126 , and Phe 227 -Gln 228 , Gln 228 -Gln 228 , respec-
ively, when combination with Flavourzyme was used ( Fig. 4 B ). The
mino acids released during the hydrolysis of the respective peptides
ere abundant among the FAA measured in the sample treated with
lavourzyme (Leu, Gln, Ile, Phe) ( Fig. 1 ). Moreover, the presence of
he endopeptidase activity of Flavourzyme can be supported by the dis-
ppearance of Pro 36 -Gln 37 , Pro 59 -Tyr 60 , Leu 144 -Gln 145 , Gln 164 -Ser 165 

leavages, as well as the appearance of Phe 70 -Pro 71 , Cys 102 -Thr 103 ones
 Fig. 4 B ). 

Similar interesting data visualization has been applied to pep-
idomics of hydrolysates produced by the same enzymes from bovine
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Fig. 5. Sensory analysis (taste – T and odor – O) of BSG extracts after non-enzymatic (Extr. pH 8.5 3 h) and enzymatic treatments (0.5% Prot 3 h and 0.5% Prot with 
0.1% Flav 3 h) in 10 L reaction volumes. The data represents the average ± standard deviation (n = 2). Extr., water extraction; Prot, Protamex; Flav, Flavourzyme. 
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uscle and porcine plasma, where cleavage mainly occurred between
eu and Lys as well as Ile and Ala amino acid residues in Protamex
nd Flavourzyme treatments, respectively ( Fu et al., 2018 ). Primary se-
uences of plant-based and animal proteins are different. Barley protein
omposition is high in Gln and Pro, whereas Lys and Leu contents are
elatively low compared to the animal-based proteins. ( Ahmad, Imran,
 Hussain, 2018 ; Arendt & Zannini, 2013 ). Nevertheless, one amino acid

n the cleavages Leu-X, Ile-X and X-Ile is identical in BSG and animal pro-
eins. There have been no studies on BSG proteins enzymatic treatment
ublished before including the data on specific water-soluble peptides
roduced and describing the cleavage sites of used proteases. 

The sum of intensities of all identified peptides in BSG extract after
ydrolysis with Protamex and Flavourzyme was 1.5-fold lower than that
f the sample produced by Protamex treatment only. As shown above
 Table 1 ), FAA content in the sample treated with two enzymes was
igher than in the sample with Protamex (1.23 mg/mL vs 0.42 mg/mL).
his confirms that the addition of Flavourzyme promotes further degra-
ation of Protamex produced peptides with an extensive release of
mino acids and probably also dipeptides, undetectable by peptide map-
ing approach applied in this study. 

.2.3. Sensory assessment 

Production of protein hydrolysates with high nutritional value for
urther food applications can be limited due to their sensory properties,
specially bitter taste. The sensory assessment of enzymatically treated
nd untreated BSG samples of the scale-up experiment demonstrated a
imilar effect in taste and odor ( Fig. 5 ). The overall intensity score for
dor for all extracts was 6.0 ± 1.0, whereas the most dominant was
ereal odor. The score for taste was 5.9 ± 0.9, where cereal taste was
he most abundant similarly to odor. The bitter sensation score in un-
reated BSG was 3.3 ± 0.9 and the astringency score was 2.2 ± 0.2.
he bitterness score of Protamex treated sample was 2.7 ± 0.9 and
o-incubation with Flavourzyme gave a bitterness score of 3.0 ± 1.0.
he sensory assessment of hydrolysates demonstrated that the used en-
ymes and hydrolysis conditions are not affecting taste or odor profile,
hich is also in agreement with other studies where sensory properties

e.g., bitterness) of Protamex or Flavourzyme treated hydrolysates re-
ained similar to untreated protein samples ( Meinlschmidt, Sussmann,

chweiggert-Weisz, & Eisner, 2016 ; Schlegel et al., 2019 ). 
The bitter taste of the protein hydrolysates is mostly associated

ith low molecular weight hydrophobic peptides ( Schlegel et al., 2019 ;
ong et al., 2020 ). In this study the proteases used at chosen reac-
ion conditions demonstrated uniform protease activity throughout the
-hordein sequence, and peptides with varying sequence lengths and
6 
mino acid composition were formed ( Fig. 2 and 3 ). Moreover, Pro-
amex treatment alone demonstrated removal of Leu and Arg residues
rom the peptides ( Fig. 1 ), which can lead to lower bitterness intensity
f the hydrolysate. The debittering effect of Leu aminopeptidase and Arg
minopeptidase has been demonstrated for the production of soybean
rotein hydrolysates as well ( Tong et al., 2020 ). Although co-incubation
f Protamex with Flavourzyme effectively released hydrophobic amino
cids (e.g., Val, Phe, Ala, Leu, Ile) from the peptides ( Fig. 1 ), no ef-
ect on sensory properties of the hydrolysates was detected. Therefore,
dding exopeptidases to the mixture could be useful if small size water-
oluble peptides or a higher amount of FAA are favored. Additionally,
he advantages of Flavourzyme can be more pronounced if other pro-
eases (e.g., Alcalase) and hydrolysates with higher initial bitterness are
pplied ( Meinlschmidt et al., 2016 ; Vioque et al., 1999 ). 

Moreover, the variations in the BSG origin and especially the content
f polyphenols can also contribute to bitterness and astringency of the
amples ( Soares et al., 2013 ). Thus, debittering by additional purifica-
ion or masking should be considered for increasing the quality of the
nal product. 

. Conclusions 

In this study, the simplicity and robustness of BSG protein solubiliza-
ion and the effect of scaling up the solubilization process were demon-
trated. Based on the efficiency of solubilizing proteins, sensory char-
cteristics, and economic aspects regarding enzyme dose and incuba-
ion time, Protamex and Flavourzyme treatments were characterized.
p to 60% of the proteinaceous fraction was solubilized without af-

ecting the sensory characteristics of the treated samples. Ion Mobility
nabled LC-MS/MS analyses allowed to identify 479 and 451 water-
oluble peptides in BSG samples treated with only Protamex or with
imultaneous treatment with Protamex and Flavourzyme, respectively.
he peptide coverage profiles and analysis of cleavage sites of BSG pro-
eins provided a good overview of the protein regions more accessible
y those proteases as well as their respective preferred cleavages. As
o additional change (increase or decrease) in bitter sensation was ob-
erved during the incubation with used enzymes and reaction condi-
ions, then adding exopeptidase to the mixture, becomes especially use-
ul if smaller peptides and increased amino acid content are preferred.
n further investigations, such hydrolysates could be advantageous for
ncreasing nutritional value or improving the techno-functional prop-
rties of various protein-enriched food products such as dairy alterna-
ives (e.g., cheese- or yoghurt-like products), meat products, or sports
rinks. 
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