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Abstract Brewer’s spent grain (BSG) represents 85 % of
brewing industry by-products. Currently, BSG is under-
utilised as low-value animal fodder. The current study aims
to expose additional nutritional and economic benefits of
BSG as a food ingredient in wheat breads. The raw mate-
rial properties were studied revealing that BSG by-product
contains (on a w/w) 22.13 % protein (including excep-
tionally high levels of essential amino acids), 1.13 %
minerals, 131.0 mg/L polyphenols, 28.22 % total fibre and
3.6 % essential fatty acids. Additionally, BSG was fer-
mented (BSG SD), using the lactic acid bacteria, Lacto-
bacillus plantarum FST 1.7, to elucidate the benefits of
traditional sourdough for processing crude BSG. Fermen-
tation resulted in softer breads with increased springiness.
Farinograph results revealed that wheat flour incorporating
BSG had increased water absorption. Rheological mea-
surements showed a positively correlated increase in dough
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resistance in line with BSG or BSG SD incorporation.
Supplemented breads had sensory acceptability up to levels
of 10 % BSG or BSG SD, resulting in breads comparing
favourably with wholemeal breads from a nutritional,
technological and textural perspective. Using BSG as a
main stream food ingredient would increase the market
value of this by-product, thus enhancing its economic
potential, a factor that is also discussed.

Keywords Brewer’s spent grain - Bread-making -
Fortification - Lactic acid bacteria fermentation -
Sourdough - Brew-house economics

Introduction

Brewer’s spent grain (BSG) is the primary bulky
by-product of the brewing industry representing 85 % of
the total by-products generated [1]. Traditionally, this is
viewed negatively by the industry from waste removal or
treatment cost and sustainability perspectives. Nowadays,
there is an increasing pressure to reduce by-products
from industrial processes by reusing them in secondary
processes or revaluing them as co-products instead. The
economic opportunities for brewhouse by-products, which
are currently associated with fiscal loss and are an
environmental burden, can be realised through expanding
their functionality. Thus, there is a renewed emphasis
placed on increasing the nutritive value of suitable
industrial by-/co-products for use as food ingredients [2]
like in this study, or by extracting value-added products
from industrial materials for use as nutraceutical ingre-
dients [3, 4], protein-rich fractions [5], xylooligosaccha-
rides [6], xylitol [7], antioxidant phenolic extracts [8],
etc.
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In this research, BSG and fermented BSG are evalu-
ated as ingredients for bread production. BSG is acquired
from one of the initial brewing steps called mashing.
During this elevated temperature process, all soluble
matter is extracted into the mash from the barley malt
which, after lautering (or mash filtration), is separated into
wort (liquid) and spent grain (solid) components. The
BSG is generally incorporated into animal feeds currently
making them a low-value product, maximally marketed
between €1 and 6/tonne, or alternatively BSG is com-
posted, dried and incinerated, dumped or anaerobically
fermented [9]. The ‘Environmental, Health, and Safety
Guidelines for Breweries’ as set out by the International
Finance Corporation (IFC, World Bank Group) suggests
that reduction of brewery by-products is the most efficient
way of increasing profitability, thus illustrating the sig-
nificant financial burden associated with brewhouse
by-products [10].

Paradoxically, scientific research has revealed that BSG
has highly desirable nutritional characteristics from a
human dietary standpoint. Typical BSG compositions vary
but always include high levels of dietary fibre, protein and
particularly essential amino acids, as well as appreciable
levels of minerals, polyphenols and lipids [1, 7, 11, 12].
These quality characteristics, in addition to its low cost and
high levels of availability, make BSG suitable as a food
ingredient. However, some previous attempts to incorpo-
rate BSG as a cereal food ingredient have resulted in low-
quality sensory/flavour, textural and coloured breads,
cookies, baked snacks, etc. As such, we prevented this by
further processing the raw material by milling and lactic
acid fermentation before using it in a wheat bread
formulation.

Lactobacillus plantarum FST 1.7, which was originally
isolated from malted barley [13], was used to make a BSG
sourdough (BSG SD) during this research. Lactic acid
fermentation is known to contribute a number of beneficial
characteristics to cereal-baked products, such as increased
shelf-life, flavour, aroma, nutritive value and amelioration
of the dough handling properties [13-16].

The aim of this research project was to convert an
economically low-value universal brewery by-product into
a high-nutrition value-added bakery ingredient. Specifi-
cally, BSG has high levels of quality essential amino acids,
in particular lysine, which counteracts the low availabilities
of such nutrients typically associated with baked cereal
goods. We aim to incorporate either or both BSG and BSG
SD ingredients into a simple bread formulation to ascertain
their influence on technological properties of the bread in
addition to taste and quality. Additionally, we intend to
produce a product that was comparable, but nutritionally
superior, to wholemeal wheat bread without compromising
on technological or sensory aspects of the bread.
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Materials and methods
Materials and strains

Barley (Hordeum vulgare var. Sebastian) was harvested in
Ireland in 2008, was purchased from Cork Malting Com-
pany, Ireland, and was used to produce the brewer’s spent
grain (BSG) in UCC. Odlum’s bakers wheat flour (Odlum
Group, Dublin, Ireland), coarse wholemeal flour (Odlum
Group), salt (Salt Union, Cheshire, UK) and dried yeast
(Mauripan, Burns Philip Food Ltd., UK) were also used in
the dough and bread-making recipes.

Media used for lactic acid bacteria (LAB) fermentation
was a modified version of MRS (de Man, Rogosa, Sharpe)
broth, it contained; 10 g casein peptone, 5 g meat extract,
5 g yeast extract, 1 mL tween 80, 2 g K,HPO,, 5¢g
NaCH3COO-3H,O, 3 g NH4Cl, 0.1 g MgSO,-7H,0,
0.05 g MnSO,4-H,0, 4 g KH,PO,, 0.5 g cysteine-HCI dis-
solved in distilled H,O, combined with; 5 g glucose, 10 g
maltose and 5 g fructose after autoclaving at 121 °C for
15 min to make a 1-L broth supplemented with 1-mL filter
sterilised vitamin mixture (0.2 g/L cobalamin, 0.2 g/L folic
acid, 0.2 g/ nicotinic acid, 0.2 g/l pantothenic acid,
0.2 g/L pyridoxal phosphate and 0.2 g/L. thiamine, dis-
solved in distilled H,O). The agar was prepared similarly
except 0.05 g bromocresol blue, and 15 g agar were also
added before autoclaving.

The LAB used in these trials was Lactobacillus plan-
tarum FST 1.7 (School of Food and Nutritional Science,
UCC, Cork, Ireland culture stock) and was originally iso-
lated from malted barley [13]. It was routinely maintained
on modified MRS agar anaerobically for short periods and
stored in glycerol at —80 °C for longer periods.

BSG preparation and analyses

BSG is the main by-product from the brewing process and
represents the solid residue present after wort mashing
[17]. After the wort was lautered; filtered through the spent
grain bed in the lauter tun traditionally and in this research
(or using a mash filter in modern brewhouses), the BSG
was removed and dried. The drying process was under air
at 40 °C, for 3 days. Subsequently, the dried BSG was
passed through a mill feeder (Model 3170, Perten Instru-
ments, Segeltorp, Sweden) at a rate of 300 g/min as rec-
ommended by the manufacturers (setting II). Immediately,
the milled BSG was sealed in polyethylene bags and stored
at room temperature.

Standard methods from the Analytica European Brewery
Convention (A-EBC), Deutsche Gesellschaft fiir Fettwis-
senschaft (DGF), American Association of Cereal Chemists
(AACC), or Methodensammlung der Mitteleuropdischen
Brautechnischen Analysenkommission (MEBAK) were
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used for most analyses of barley, malt and BSG. Total
nitrogen was quantified by Kjeldhal, A-EBC 4.3.1 [18] and
using the conversion factor 6.25; the total protein contents
were obtained. Amino acids were analysed by HPLC using
ion-exchange chromatography (IEC) (AACC Method
07-01, 11, 20). Carbohydrate content was analysed by IEC
and included total fermentable sugars (HPLC AACC
Method 80-04), glucose, fructose, saccharose, maltose and
maltotriose, in cold extracts of barley, malt and BSG [19].
Total polyphenol contents were calculated according to the
Folin—Ciocalteau (Sigma Aldrich) method and reported as
gallic acid equivalents [20]. Hop bitter acids were analysed
by HPLC using MEBAK Method 4.3.2.1. f-glucan contents
were measured according to AACC standard method 32-23
using the K-BGLU enzyme kit (Magazyme Int., Bray,
Ireland). Crude fat contents were quantified using MEBAK
method 2.5.6 (3.5), and the fatty acid compositions were
analysed using the method DGF C-VI 1le, which uses
derivatisation with TMSH (Trimethylsulfonium hydrox-
ide). Fibre contents were ascertained according to the
method AACC 32-07 using the K-TDFR enzyme Kkit
(Megazyme). Mineral contents were quantified according to
the method DIN EN ISO 11885 (E22) Deutsches Institut fiir
Normung [21].

BSG sourdough preparation and analyses

A certain proportion of the milled BSG-flour was fer-
mented by Lactobacillus plantarum FST 1.7. The lactic
acid bacteria (LAB) were incubated anaerobically on
modified MRS agar for 48 h at 30 °C. Subsequently, a
single colony was inoculated into 10 mL of MRS broth and
incubated anaerobically for 24 h at 30 °C. This culture was
then inoculated at a level of 1 % into MRS broth and
incubated for 12-18 h at 30 °C. After this time, the broth
was centrifuged, and the pellets were washed twice with
Ringer’s solution and suspended in 20 mL of sterile tap
water (~5 x 10° CFU/mL) for use in fermentations. The
fermentation inoculum was added to BSG to make a
sourdough. The fermentation consisted of 350 g BSG,
930 mL of sterile tap water and 40 mL of the washed LAB
suspension, which was mixed for 1 min at speed I in a food
mixer (Kenwood Classic KM 800, Kenwood Ltd. Hamp-
shire, UK), the mixer bowl sides were scraped down and
mixing continued for a further 1 min. The BSG mixture
was fermented at 30 °C for 48 h, and the sourdough was
incorporated into the bread dough at levels of 5, 10, 15 and
20 % (Table 1B).

During sourdough fermentation, samples were taken at
0, 6, 24 and 48 h for analyses. pH and TTA (total titratable
acidity) analyses were done for the sourdough samples
(Table 5). For this, 10 g rootlet sourdough, 95 mL distilled
water and 5 mL acetone were mixed together using a

magnetic stirrer, and the pH was measured subsequently.
The TTA was determined by titrating the mixture against
0.1 M NaOH and calculating the volume (mL) needed to
reach pH 8.5 [22].

Dough recipe preparation

In advance of recipe formulation, levels of water incor-
poration needed to be ascertained. The wholemeal flour and
the four BSG-supplemented Baker’s wheat flours (5, 10, 15
and 20 % supplementation), which were mixed for 3 min.
at speed I in a food mixer (Kenwood Classic), were ana-
lysed for moisture by AACC Method 44-15A at 130 °C.
Subsequently, water absorbance of the flour blends was
ascertained with a Brabender farinograph (Brabender
OHG, Duisberg, Germany) using AACC Method 54-21.
Based on the moisture and water absorption values, the
recipe formulations for wheat, wholemeal wheat, BSG-
wheat and fermented BSG-wheat breads were adjusted to
reach 500 Brabender units (BU) (Table 1A, B).

Dough analyses: rheofermentometer

The Chopin rheofermentometer (Villeneuvela-Garenne,
France) was used to measure dough development. Dough
was prepared as for the baking studies (Table 1A, B).
Dough heights were measured using 300 g quantities of
dough. Displacement of a 1,500 g weight by the rising
dough was measured over a 3-h period and is directly
related to the volume of gas produced.

Dough analyses: rheology

All rheological measurements were performed at 30 °C
using an Anton Paar Physica MCR 301 (Anton Paar Gmbh,

Table 1 Dough recipes used for bread making with (A) BSG or
(B) fermented BSG

Wheat Wholemeal 5% 10% 15% 20%
(A) % based on flour or dry BSG/flour weight
Flour 100 100 95 90 85 80
BSG 0 0 5 10 15 20
Water 62.0 63.0 66.5 70.5 73.5 73.0
Yeast 2 2 2 2 2 2
Salt 2 2 2 2 2 2
(B) % based on flour or BSG/flour weight
Flour 100 100 95 90 85 80
BSG SD 0 0 189 377 56.6 75.4
Water 62.0 63.0 52.6 428 31.9 17.6
Yeast 2 2 2 2 2 2
Salt 2 2 2 2 2 2
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Ostfildern, Germany) with sealed 50-mm serrated parallel
plate geometry and a 1-mm gap for the compressed sample.
The rheometer utilises a temperature controlled water bath
in combination with a Pelletier heating system. In addition,
excess sample was removed and sealed with mineral oil
(Sigma) to ensure negligible water loss from the sample
during measurement.

The samples, which were prepared as for bread-making
trials below, excepting the exclusion of yeast, included
BSG dough (at 5, 10, 15 and 20 % BSG incorporation),
BSG sourdough (at 5, 10, 15 and 20 % BSG sourdough
incorporation), wheat dough (0 % BSG incorporation) and
wholemeal wheat dough (0 % BSG incorporation). Due to
the small size of the dough samples, a modified glutomatic
was used to mix the ingredients for 4 min before analyses.

During pre-trials, an optimum complex modulus (a
measure of the resistance to deformation), G*, was deter-
mined to allow accurate comparison of all sample mea-
surements over the various temperatures and times
evaluated. An amplitude sweep test was performed to
determine the linear viscoelastic region (LVR) for all
samples. The amplitude used was at an increasing defor-
mation of 0.001-100 % at an angular frequency of 10 Hz.
Once the LVR was determined, a target strain was utilised
(0.01 %) which ensured that all samples were measured
uniformly in a non-destructive manner. All experimental
measurements were performed within the non-destructive
LVR for each sample over the test period, and a 5-min rest
was incorporated into the rheology cycles before mea-
surement commenced to allow the sample to rest.

A single-frequency test was performed, thus measuring
the initial complex modulus (G*) or ability to resist an
applied force of 10 Hz and a target strain of 0.01 %, as
predetermined during the amplitude sweep. Measurements
were taken at 15 min intervals over a 48-h period. BSG-
water pastes, mixed in the same way as for fermentation,
were used as controls with incorporation of erythromycin
(200 mg/kg of dough) and chloramphenicol (60 mg/kg of
dough) to inhibit any growth of bacteria that may have
been naturally present in the BSG.

Finally, to determine the effect of various levels of
addition of BSG and BSG sourdough incorporation into the
dough, a single-frequency sweep was performed over
15 min at an angular frequency range of 50-1 s~ where
the target strain was 0.01 %.

Bread making

The control (wheat and wholemeal flour) and BSG dough
were made using the recipe described above (Table 1A, B).
On a 100 % flour, BSG-flour or BSG sourdough-flour
basis, the recipe contained water (as calculated from fari-
nograph analyses) and 2 % each of salt and yeast. The
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BSG-flour or fermented BSG-flour was wheat flour
substituted by 5, 10, 15 or 20 % dry milled BSG or fer-
mented BSG sourdough, respectively.

The dough was prepared by weighing out dry ingredi-
ents, with fermented BSG where applicable excluding the
yeast, which was incorporated into the water and then
added to the other ingredients. Everything was combined in
a mixer (Kenwood Chef Classic KM336) at speed 1 for
60 s followed by scraping down the sides of the bowl and
subsequently at speed II for 90 s. After mixing, the dough
was rested in a proofer (Koma, Koeltechnische, The
Netherlands) at 30 °C and 85 % relative humidity for
15 min before it was divided into 75 g portions and placed
in non-stick baking tins (35 mm x 9 mm x 5 mm, Sasa
UK, Middex, UK). The dough was then proofed for 60 min
under the same conditions and baked immediately in a pre-
heated deck oven (MIWE condo oven, MIWE Michael
Wenz GmbH, Arnstein, Germany) at 220 °C top and bot-
tom heat for 22 min. The oven was pre-steamed
(1,000 mL) before and again after putting the bread in. For
staling experiments, loaves were subjected to modified
atmosphere packaging (MP100, Gustav Muller and Co KG,
Bad Homburg, Germany) 120 min after baking, when
adequately cooled, with 60 % N,/40 % CO, and were
stored at room temperature for 2 and 5 days.

Bread analyses

After cooling, bake loss was determined (subtracting loaf
weight from pre-baked dough weight) and calculated as a
percentage. The rapeseed displacement method (Kontec,
Japan) was used to determine loaf volume, and the specific
volume was hence calculated [loaf volume (mL) divided by
bake loss weight (g)]. A Chromameter (Minolta CR-300,
Osaka, Japan) was used to measure crust colour (CIE Lab*
values). CIE L* values (brightness), a* values (red-green)
and b* values (yellow-blue) were measured. Five readings
on the top crust of three loaves in three independent bat-
ches (i.e. average of 45 readings for each result reported)
were recorded.

Texture analysis was performed 120 min (day 1), 2 days
and 5 days after baking using texture profile analysis
(TPA) tests with a TA-XT2i texture analyser (Stable Micro
Systems, Surrey, UK) equipped with a 25-kg load cell and
a 20-mm aluminium cylindrical probe. The settings used
were a test speed of 2.0 mm/s with a trigger force of 20 g
to compress the middle of the breadcrumb to 40 % of its
original height. Results were analysed using Texture
Expert 1.17 software (Stable Micro Systems). Values for
hardness, springiness, chewiness and staling were calcu-
lated using the software. Additionally, the Aqua lab CX-2
(Decagon Devices Inc, Washington, USA) was used to
determine the water activity (a,) of the loaf crumbs.
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Sensory evaluation

Breads substituted with BSG and fermented BSG were
evaluated for sensory attributes as previously described
[23, 24]. The attributes analysed included dryness, aroma,
saltiness, sweetness and acidulous aroma and flavour.
These attributes were rated on a scale from O to 10, where
10 was the highest score. Breads for the sensory evaluation
were baked as described above, and the 8 types of breads
that were tasted at the sensory evaluation were wheat
bread, wholemeal bread, 5, 10 and 15 % BSG-substituted
breads and 5, 10 and 15 % BSG sourdough substituted
bread. Each bread was blind tasted three times by a sensory
panel (n = 10). Three slices were cut from each loaf using
a 20-mm slice regulator. Numbered paper plates were used
with four bread slices on each plate covered using cling
film. This made a total of 6 plates per person with bread
slices on plates that were randomly labelled. Each person
was given a sheet to rate the bread sensory attributes and a
glass of water. Each panellist tasted 8 bread samples at a
time, had a 15-20-min break and then tasted the next two
plates of bread.

Statistical analyses

Data mean values and standard deviations were calculated
from at least three replicates in all analyses cases, unless
otherwise stated. A Q-test was used to exclude any raw
data that were below a 95 % confidence level. JMP sta-
tistical analysis software [Tukey—Kramer Honestly Sig-
nificant Difference (HSD)] was used to compare and
contrast wheat control, wholemeal control, BSG-supple-
mented and BSG sourdough supplemented dough and
breads, thus differentiating results that are statistically
different at p < 0.05.

Results and discussion
BSG and fermented BSG nutrient analyses

The quantity of BSG protein and, in particular, the pres-
ence of a high proportion of essential amino acids make it a
high nutrition potential food ingredient. The total protein
levels of the BSG used in this research were 22.13 %
(w/w), which is at least double that of wheat flour,
wholemeal flour, barley or malt (Table 2). These values are
in keeping with previously reported studies [1]. In addition,
BSG protein is of good quality with essential amino acids
representing approximately 30 % of the total protein con-
tent (Table 2). In particular, lysine, which is known to be
the limiting amino acid in cereal foods for human nutrition
[26], accounts for 14.3 % of the total BSG protein content

making it an ideal candidate for plant-based food fortifi-
cation such as bread, a staple baked product in much of the
world.

Typical BSG composition is approximately 17 % cel-
lulose, 28 % each non-cellulosic polysaccharides and lig-
nin [1, 7]. In general, it is expected that carbohydrate levels
in barley malt are drastically reduced during malting, being
hydrolysed to oligosaccharides and simple sugars, thus
leaving BSG poor in such nutrients. However, in this study,
total BSG carbohydrates amounted to 64.9 % (w/w) which
is only 20 % lower than the malt content (Table 3).
However, the starch levels present were negligible due to
extensive amylolysis during mashing [17], when compared
to barley and malt that had levels of 0.8, 61.5 and 63.4 %
(w/w), respectively. Therefore, starch was not expected to
heavily influence the yeast activity or shelf-life during
dough development or storage, respectively. Surprisingly,
BSG also has a high proportion of simple sugars (approx-
imately 15 % w/w), relative to barley or malt (less than 3
and 6 %, respectively) (Table 3). Additionally, the levels
of dietary (total) fibre are very high (48.2 % w/w), more
than double that of barley and malt (Table 3), and partic-
ularly the insoluble fraction (48.3 % total fibre). This has
hugely important implications in human nutrition due to its
bulking effect, delayed intestinal transit time, gastric
emptying and slower transit through the small bowel,
resulting in a reduced rate of nutrient absorption and
binding of bile acids, carcinogens or mutagens [27]. There
are additional prebiotic effects as well as a variety of local
and possibly also systemic effects, associated with dietary
fibre [28], especially oat and barley f-glucan intake.
Additionally, barley f-glucans are known to constructively
contribute to the glycaemic, insulin and cholesterol
responses to foods [29].

Another important BSG macro-nutrient includes lipids
and fatty acids. The total fat content of BSG is 7.1 % (w/w)
which in excess of the levels present in the wheat flour,
wholemeal flour, barley or malt (Table 4), with essential
fatty acids accounting for over half of total BSG lipids.
This is lower than, but comparable to, barley and malt that
have a greater proportion of essential fatty acids than BSG,
at 58.6 and 62.1 % (w/w), respectively. The lipid content
of the BSG used in these trials was in excess of those
reported in a previous study (10.6 % w/w) [7]. Generally,
the importance of fat in wheat breads is its contribution to
volume, cell wall uniformity, softness, improved crumb
and overall quality of baked goods [30]. Additionally, fat is
important in dough behavioural characteristics including
machinability, pliability and general handling [30].

Micronutrients including minerals and polyphenols are
also important components when considering the nutri-
tional characteristics of a potential food ingredient. Total
BSG mineral levels are 1.13 % (w/w) which is in excess of
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Table 2 Total protein, amino acid, mineral and anti-nutrient values
for wheat flour, wholemeal wheat flour, barley, malt and BSG

Wheat Wholemeal Barley Malt BSG
flour®  Wheat
flour®
Total protein (% 11.54 9.89 9.65 8.52 22.13
w/w)
Non-essential
amino acids
(percentage of
total protein)
Aspartic acid 0.37 0.38 0.19 0.17 4.81
Glutamic acid 2.98 2.08 0.85 0.75 16.59
Asparagine ND ND 0.23 0.33 1.47
Serine 0.45 0.37 0.12 0.07 3.77
Glutamine 0.01 0.01 ND ND 0.07
Histidine 0.17 0.15 1.59 1.90 26.27
Glycine 0.33 0.31 0.08 0.06 1.74
Arginine 0.52 0.51 0.21 0.23 4.51
Alanine 0.18 0.18 0.22 0.23 4.12
y-Aminobutyric ~ / / 2.56 0.01 0.26
acid
Tyrosine 0.28 0.22 0.14 0.14 2.57
Valine 0.32 0.25 0.23 0.24 4.61
Essential amino
acids
(percentage of
total protein)
Threonine 0.24 0.22 0.01 0.02 0.71
Methionine 0.19 0.12 0.03 ND ND
Tryptophan 0.02 0.02 0.01 ND 0.14
Phenylalanine 0.36 0.27 0.20 0.21 4.64
Isoleucine 0.17 0.13 0.17 0.17 3.31
Leucine 0.75 0.45 0.30 0.29 6.12
Lysine 0.18 0.20 2.52 3.69 14.31
Salt (% w/w) ND ND 0.01 <0.01 0.02
Minerals (% w/w) ND ND 0.81 0.71 1.13
Aluminium ND ND ND ND ND
Calcium 1.80 0.31 0.06 0.05 0.22
Magnesium 0.24 0.78 0.08 0.09 0.24
Sodium 0.04 0.02 ND ND 0.01
Potassium 1.52 4.00 0.39 0.26 0.07
Iron 0.01 0.03 ND ND 0.01
Copper 0.00 0.00 ND ND ND
Manganese ND ND ND ND ND
Zinc 0.01 0.02 ND ND 0.01
Silicium ND ND 0.05 0.06 0.14
Phosphorous 0.91 2.04 0.24 0.27 0.46
Boron ND ND ND ND ND
Barium ND ND ND ND ND
Molybdenum ND ND ND ND ND
Strontium ND ND ND ND ND
Chloride 0.83 1.00 / / /

@ Springer

Table 2 continued

Wheat Wholemeal Barley Malt BSG
flour® Wheat
flour®
Anti-nutrients
Total 1.30 8.22 90.00 112.00 131.00
polyphenols
(mg/L)
Phytate 0.16 0.08 / / /
(g/100 g)

ND not detected/not measured
* Hager et al. [25]

proportions available in either barley or malt that have
levels of 0.81 and 0.71 % (w/w), respectively (Table 2).
Additionally, the distribution of individual BSG minerals is
similar to that of the barley and malt. Conversely, BSG is
relatively high in calcium, magnesium and phosphorous,
whilst being lower in potassium when compared to barley,
malt or either flour. Given the ongoing debate regarding
calcium fortification of cereal goods, particularly in the
USA, increased amounts of this mineral may contribute to
reducing the risks of osteoporosis and colon cancer [31].
Additionally, the estimated average requirement for mag-
nesium in adults is 255 mg/day [32]. This suggests that a
diet supplemented with increased magnesium levels may
offer a protective effect against diseases such as Type 2
diabetes mellitus [33] and obesity [34]. Phosphorous levels
were also elevated in BSG when compared to barley or
malt, which is important due to the anti-nutrition effect of
phytate on this mineral. Interestingly, LAB fermentation
leads to an increase of minerals such as magnesium and
phosphorous by decreasing phytic acid and other anti-
nutrient levels [35]. Thus, BSG, and particularly BSG SD
supplementation of staple wheat bread, can offer a viable
mineral fortification tool. Total polyphenol levels are also
higher in the BSG sample (131 mg/L) than barley (90 mg/
L), malt (112 mg/L), wheat flour (1.3 mg/L) or wholemeal
flour (8.2 mg/L) (Table 2). Poignantly, polyphenols are
inclusive of antioxidants, and BSG has previously been
exploited for this reason [8]. Specifically, these have been
reported to have DNA-protective effects by acting as
powerful antioxidants. The authors of this study concluded
that BSG is a suitable target for development as a health-
promoting food supplement [8].

Dough analyses

BSG and BSG SD containing bread-making formulations
were optimised (Table 1) based on preliminary flour and
dough analyses. In general, flour water absorption
increased in line with increasing levels of BSG and BSG
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Table 3 Total carbohydrate, starch, fibre and sugar values for barley,
malt and BSG

(% wiw) Barley Malt BSG
Total carbohydrates 83.46 84.88 64.88
Total starch® 61.49 63.42 0.82
Total fibre 19.09 1635 48.22
Total reducing sugars 2.58 5.40 15.23
Arabinoxylan® 6.50 6.26 22.24
Fibre insoluble® 15.77 14.42 48.35
Fibre soluble® 3.32 1.94 1.80
Glucose 0.35 1.83 5.12
Fructose 0.26 1.15 1.98
Sucrose 0.13 0.86 3.67
Maltose 1.84 1.78 5.07
Maltotriose 0.30 0.34 0.63

% Wheat and wholemeal wheat flours had 77.97 and 65.87 % (w/w)
starch, respectively

® Wheat flour has

¢ Measured as percentage of total fibre

SD addition, as measured by the farinograph (results not
shown). This dictated the water and BSG SD levels used in
various dough formulations (Table 1A, B) ensuring that
each dough was 500 Brabender Units (BU) on the farino-
graph. Overall, BSG or BSG SD substitution into wheat
bread formulations was found to have a negative correla-
tion with moisture levels of the dough and bread, thus
suggesting that these high fibre ingredients have an
increased ability to hold onto moisture than flour, which
was expected [36-38].

The L. plantarum FST 1.7 fermented BSG SD reduced
the BSG pH from 5.59 to 2.67 after a 48-h fermentation,
with TTA increasing from 2.67 to 14.92 mL over the same
period (Table 5), indicating heterofermentative LAB acid
production. BSG and BSG SD were incorporated into
wheat dough at levels of 5-20 %, in both instances,
resulting in increased flour water absorption (farinograph).
Additionally, decreased dough development was observed
over the wheat dough control, but still compared favour-
ably with the wholemeal dough up to 10 % incorporation
levels (rheofermentometer, Table 6). This is supported by
the lower dough elasticity observed during rheological
measurements (Figs. 1, 2).

The rheofermentometre was used to measure dough
development during a 3-h fermentation. The development
curve of the two controls, BSG and BSG SD containing
dough, was compared. As expected, the maximum dough
development was observed in the control wheat dough,
with 5 % incorporation of BSG or BSG SD not making a
significant difference. An addition of 10 % BSG decreased
dough height, but to a lesser extent than fermented BSG

(Table 6), likely due to decreased elasticity and a weak-
ening of the gluten matrix through gluten—fibre interactions
and a gluten dilution effect. However, BSG and BSG SD
incorporation up to 15 % resulted in dough with a similar
or higher development curve than the wholemeal wheat
control.

The rheological behaviour of BSG during a 48-h fer-
mentation with L. plantarum FST 1.7 was examined at a
single-frequency sweep of 10 Hz and a target strain of
0.01 %. Rheological measurements showed no significant
(p < 0.05) change in resistance to deformation [G*] of the
SD supplemented dough when compared to the unfer-
mented control until the latter stages of the test where a
slight increase of G* is observed in the BSG SD dough
(Fig. 1). This can be attributed to L. plantarum FST 1.7
acid production and pH decrease during the fermentation
process, which has been shown to increase the G* of cereal
formulations [39] and fermented rootlet substituted dough
(Waters et al. submitted for publication). Generally, all
dough had a resistance to deformation which was lower
than for wholemeal flour dough, except for 20 % fermented
rootlet substituted wheat flour dough. At substitution levels
of 5 and 10 %, the dough behaved similarly to the wheat
flour control.

Overall, the rheology results obtained indicate that at
levels of 5 and 10 %, the fermented BSG dough behave in
a similar way to the wheat control. Additionally, the vis-
coelastic behaviour and resistance to deformation increased
as BSG SD substitution into the dough increased.

Bread analyses

In general, consumers associate particular physical attri-
butes, including colour, size and shape, with certain
products and deviation for this norm can result in rejection
of a food before taste, aroma or texture are experienced.
Also, aberrations result in an overall decreased perception
of flavour and acceptability.

Increasing the substitution levels of BSG and BSG SD
into the wheat dough resulted in a reduced specific volume
in the final breads (Table 7), when compared to the wheat
bread control. However, dough with up to 10 % substitu-
tion levels were statistically larger than or the same size as
the wholemeal breads. Decrease of volume in brewery
by-product substituted breads, relative to wheat bread, is
expected due to a disruption of the gluten/protein visco-
elastic network as well as the conferred gluten dilution
effect [40].

The crust colour is not affected by any level of BSG
substitution when compared to the wheat bread control.
However, the L* crust colour had a negative correlation
with increasing levels of fermented BSG additions, relative
to wholemeal bread crust colour (Table 7). The lightening
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Table 4 Total fat and fatty acid values of wheat flour, wholemeal
wheat flour, barley, malt and BSG

Wheat Wholemeal Barley Malt BSG
flour®  wheat flour®

Fat (% w/w) 1.81 3.63 2.06 1.6 7.12
Of which saturates 38.81 18.87 22.82 2438 36.02
(percentage of
total fat)
Monounsaturated ~ / / 1455 11.54 9.78
fatty acids
Polyunsaturated / / 58.99  62.59 52.70
fatty acids
Total unsaturated  60.15 80.84 73.54  74.13 62.48
fatty acids
Trans-fatty acids / / ND ND ND
Essential fatty / / 58.58  62.06 51.10
acids
Conjugated / / ND ND ND
linoleic acids

Fatty acids
(percentage of
total fat)
Caproic / / ND ND 0.05
Caprylic / / ND ND 0.02
Capric / / 0.05 0.05 0.03
Lauric / / 0.03 0.03 0.02
Myristic 1.52 0.09 0.44 045 0.62
Pentadecanoic / / 0.12 0.15 0.14
Palmitic 19.68 16.87 2296 2145 32.11
Palmitoleic / / 0.14 0.13  0.18
Heptadecanoic / / 0.05 0.06  0.09
Stearic 1035  0.72 1.61 1.96 1.87
Elaidic / / ND ND ND
Oleic 31.04 12.73 1238 949 7.82
cis-Vaccenic / / 0.77 0.65 0.79
Linoleic 23.87  60.83 5246 5455 4641
Linolenic 1.78 5.06 6.12 7.51  4.69
Arachidic / / 0.24 0.33  0.27
Eicosenoic 1.64 0.73 0.9 0.85 0.62
Eicosadienoic / / 0.1 0.13  0.11
Heneicosanoic / / 0.03 0.03 0.03
Arachidonic / / ND ND ND
Behenic / / 0.22 0.34 0.33
Docosenoic / / 0.05 0.09 0.08
Erucic / / 0.16 0.16  0.09
Docosadienoic / / 0.03 ND 0.07
Tricosanoic / / 0.05 0.06 0.08
Docosatetraenoic / / 0.2 0.27  1.00
Lignoceric / / 0.17 0.25 0.36
Docosapentaenoic ~ / / 0.03 0.04 0.06
DPA
Docosahexaenoic  / / 0.05 0.09 0.26
DHA
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Table 4 continued

Wheat Wholemeal Barley Malt BSG
flour®  wheat flour®
Nervonic / / 0.13 0.14 0.14

? Hager et al. [25], ND not detected/not measured

tendency of crust colour due to BSG SD addition is likely
due to a number of factors. This effect has previously been
observed after fermentation where LAB induced a reduc-
tion of polyphenols and fatty acids [41]. This may prevent
the polymerisation of endogenous phenolic compounds,
as well as polyphenol oxidase-mediated discolouration.
Additionally, the fermentative activity of the L. plantarum
could also metabolise free sugars leading to a potential
reduction in the Maillard reaction colour products.

The bake loss measured for the supplemented breads
was between both control bread values and thus is within
the acceptable range (Table 7). As such, BSG or BSG SD
supplemented breads can be considered as viable high fibre
replacements for wholemeal breads.

Texture profile analyses revealed hardness, springiness,
chewiness and staling values; after 2 and 5 days of storage,
for the wheat and wholemeal control breads as well as SBG
and SBG SD-substituted breads. Fermented BSG substi-
tuted at the lower level resulted in softer bread than the
wheat bread control, whereas up to 15 % substitution levels
resulted in breads that were softer than (5-10 %) or com-
pared to (15 %) the wholemeal control bread. To produce
acceptable bread, levels of 15 % BSG or BSG SD sup-
plementation should not be exceeded. The increased
hardness associated with BSG incorporation is likely
related to the arabinoxylan, glucan and xylooligosaccha-
rides present in the formulation. These potentially interfere
with the viscoelastic dough network as previously reported
for insoluble arabinoxylans in wheat bread [42], providing
a hurdle to dough development. Additionally, rheological
studies showed that dough G* increased with the incor-
poration of BSG due to the additional mechanical stress
necessary to manipulate the dough formulation. This, in
turn, restricts dough expansion and thus final bread volume.
Conversely, fermented BSG incorporation into dough
resulted in a softer dough at low levels (5 %) but a harder
dough at increased levels (10-20 %), compared to the
wheat bread control. The former effect is likely due to LAB
fermentation modifying the proteins and starch, which may
reduce elasticity and network connectivity [39]. However,
at higher levels of incorporation, the decreased pH has a
hardening effect on the gluten network and thus, the
resultant bread [39]. Additionally, acid production causing
a decreased pH, in combination with an increased TTA,
provides a less favourable environment for yeast activity,
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thus for gas production and dough cell expansion [43].
Staling was notably retarded, particularly in BSG SD-
substituted breads compared to the wheat bread control.
This anti-staling effect was previously noted after

Table 5 pH and total titratable acidity (TTA) over 48-h BSG fer-
mentation at 30 °C

Time (h) pH TTA®

0 5.59 & 0.34* 2.67 £ 0.44%%*
6 4.73 £ 0.07%* 5.36 & 0.69%*
24 3.68 4 0.01%%* 14.72 £ 0.19%
48 2.67 £ 0.69%%%% 14.92 + 0.45%

Mean values + standard deviation of at least three replicate mea-
suring points. Mean values followed by the same number of * within
the same column are not significantly different (p < 0.05)

4 TTA measures the quantity (mL) of 0.1 M NaOH needed to reach
pH 8.0)

Table 6 Dough development (height) of the control, BSG and BSG
sourdough substituted dough in a rheofermentometer over a 3-h fer-
mentation at 30 °C

Level substituted Wheat dough Wholemeal dough

(%) Height (mm) Height (mm)

0 43.3* 24 7*H**

Level substituted BSG dough BSG SD dough
(%) Height (mm) Height (mm)

5 44 4% 40.9*

10 34.7%* 29.8%**

15 28 .4k 23 Qs

Standard deviation did not exceed 10 % for any of the reported mean
values, which represent at least three independent replicate measuring
points. Mean values followed by the same number of * within the
same column are not significantly different (p < 0.05)

L. plantarum FST 1.7 fermentation and is related to amy-
lolytic activity which can modify the starch resulting in
retardation of retrogradation [13]. Conversely, the higher
fibre content of the unfermented BSG increases the water
absorption of the dough whilst reducing availability of
water, thus increasing the pace of starch retrogradation
[44].

Sensory evaluation of the breads was ascertained with a
ten person panel and was used for sensory analyses of the
control breads and the BSG or fermented BSG SD-substi-
tuted breads (Table 8). The breads were accepted from a
sensory perspective up to a 10 % level of either BSG or
BSG SD substitution.

Perceived sweetness of the bread was decreased upon
increasing addition of BSG, and this effect was more
pronounced upon addition of fermented BSG (Table 8).
BSG high polyphenol content has previously been associ-
ated with a decreased sweetness and increased bitterness
when incorporated into baked cereal goods. Additionally,
the acidulous lactic acid fermentation of the BSG leads to a
further reduction of sweetness in BSG SD incorporated
breads, as expected. It is well known that the acidity
increases associated with LAB fermentation lead to a
partial lowering of sweetness and increased acidulous
aroma/flavours. Generally, saltiness and dryness of the
baked breads were between the levels found for the wheat
and wholemeal controls for all substituted breads, or not
statistically different. Overall aroma of the breads were
also in line with the control breads, and thus, the BSG and
BSG SD-substituted breads represent a viable alternative to
wholemeal breads.

Conclusions
Overall, wheat bread formulations with up to 10 % incor-

poration of BSG or BSG SD resulted in dough with
improved handling properties compared to the wholemeal

Fig. 1 The complex modulus 300000

[G*] of brewer’s spent grain

over a 48-h L. plantarum FST 250000 e L e mpr———-
1.7 fermentation with v’ I

rheological measurements at a 200000 4

single-frequency sweep of =

10 Hz and strain of 0.01 %. & 150000 4

Control is represented by the &

line and Lactobacillus 100000 4

plantarum FST 1.7 is

represented by the broken line. 50000 -

The fermented BSG results

(406000 Pa at 0 h) are fitted to 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
the control for ease of 0 6 12 18 24 30 36 48
comparison Time (h)
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Fig. 2 Decreasing frequency
sweep (50-1 [1/s]) of the dough
at a continuous target strain
(0.01 %), showing decreasing
complex moduli (G*). Samples
included two control dough;
wheat (dark solid line) and

wholemeal (light dashed line),

as well as fermented BSG-

substituted dough; 5 % (dark
dotted line), 10 % (dark dashed
line), 15 % (light solid line) and

20 % (light dotted line)
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Table 7 Texture profile analyses of the breads including hardness, springiness, chewiness, staling over 5 days and the water activity, bake loss,
specific volume and crust colour of the breads

Bread type  Hardness Springiness  Chewiness Staling Staling Water Bake loss Specific L* crust
(day 1, N) (day 1, N) (day 1, N) (day 2, N) (day 5, N) activity (%) volume colour value®
(ay, day 1) (mL/g)
Wholemeal 11.62 £ 1.36 0.88 £ 0.02 7.94 £ 0.89 23.73 £3.01 38.65 +£343 1598 £042 286+ 0.03 1.77 £0.02 1598 £+ 0.42
bread
Wheat 471 £0.76 1.06 £0.17 490 + 1.54 1553 +£2.63 2644 +2.07 16.56 £0.68 1.77 +£0.02 2.86 + 0.04 16.56 + 0.68
bread
BSG (%)
5 533 +0.77 1.06 £0.16 504 084 1642 +270 2626+ 196 1647 £0.76 2.86 £ 0.04 2.86 +0.04 1647 £ 0.76
10 6.27 £0.76 1.09 £+ 0.28 6.08 £ 191 17.59 £1.92 25.11 £2.03 1648 £0.40 2.69 +0.13 2.69 £0.13 16.48 £ 0.40
15 8.03 £0.69 1.00+£0.01 695+0.59 1938 +£2.13 2529 +£2.54 16.50 +0.55 2.13 +£0.15 2.13 +£0.15 16.50 &+ 0.55
20 11.85 £ 1.29 0.97 + 0.01 9.64 £ 1.01 23.03 £ 1.68 31.26 +239 1642 +0.82 193 £0.04 193 +0.04 1642 £+ 0.82
BSG SD
(%)
5 3954+ 045 125+£030 4434+099 1258 +£1.77 20.71 £1.55 16.81 £0.62 2.61 £0.21 2.61 +0.21 16.81 &+ 0.62
10 6.06 = 1.09 1.00+£0.01 538 +0.97 1530+ 2.84 2456+ 324 1691 £043 2.50+ 021 2.50 +0.21 1691 +0.43
15 10.80 + 2.18 098 +0.01 9.07 &+ 1.81 24.14 +3.65 33.73 £5.04 1555+ 036 222+ 0.05 2.22+0.05 1555+ 0.36
20 1544 £ 3.11 095 +£0.01 1520 +5.11 3543 +7.21 49.03 £6.17 1434 +£0.73 2.06 £ 0.11 2.06 +£0.11 1434 £ 0.73
Mean values + standard deviation of at least three replicate measuring points
# L* values give a measure of the lightness of the bread crust
Table 8 Sensory analyses of the breads including elasticity, colour, acidulous flavour and aroma, dryness, aroma and saltiness
Bread type Acidulous aroma Acidulous flavour Sweetness Dryness Aroma Saltiness
Wholemeal 493 + 1.86 5.30 + 1.90 3.11 £ 1.20 6.13 £ 2.62 6.63 + 1.96 4.53 + 1.89
Wheat 3.08 £ 1.63 3.52 £ 1.08 4.80 £+ 1.83 4.46 + 1.71 5.10 £ 1.50 5.10 £ 1.57
5 % BSG 4.67 £+ 1.66 450 £ 1.72 4.10 £ 2.16 4.67 £ 2.22 547 £ 1.70 440 £+ 1.48
10 % BSG 473 + 1.54 5.20 £ 2.04 4.00 £+ 1.90 4.63 + 2.27 5.53 £ 1.98 423 +1.52
15 % BSG 5.19 £ 1.77 479 + 1.95 3.03 £1.97 5.20 £ 2.01 6.23 £ 2.11 4.57 + 1.65
5 % BSG SD 421 + 1.66 4.03 + 1.69 3.55 £ 1.96 5.13 £ 1.50 5.30 &£ 1.74 443 + 1.38
10 % BSG SD 5.03 +£ 2.04 5.17 + 1.88 2.14 £ 1.86 5.03 £ 1.77 5.87 &+ 1.83 4.40 4+ 1.99
15 % BSG SD 6.00 £ 1.89 6.30 4+ 2.32 2.11 £ 1.06 5.30 £ 2.35 6.40 £+ 2.09 447 + 1.98

Mean values =+ standard deviation of ten replicates. Sensory attributes were rated on a scale from 0 to 10 where 10 was the highest score

control, based on rheological analyses. Additionally, the
10 % substituted breads had similar technological proper-
ties to wholemeal bread with BSG or BSG SD breads
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having improved softness and staling. The main sensory
differences between control and test breads were from an
acidulous aroma and flavour perspective, with both
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increasing in line with increasing levels of BSF or fer-
mented BSG addition. Sweetness decreased as substitution
levels increased and was lower for breads substituted with
fermented BSG. Acidulous aroma, flavour and sweetness
negative effects associated with BSG or BSG SD addition
were more pronounced for the fermented rootlet breads.
However, up to a level of 10 % addition of BSG or SBG
SD, the breads were completely accepted by the sensory
panel.

The acceptability of the 10 % substituted breads, in
combination with the increased nutritional properties of
BSG, particularly protein, dietary fibre and mineral levels,
makes this raw material a suitable fortifying food ingre-
dient imparting textural and dough handling technological
benefits to the bread formulation, particularly after fer-
mentation with L. plantarum FST 1.7. Furthermore, we
should consider the dietary fibre daily adult intake rec-
ommendations from the EFSA (European Food Safety
Authority) and USDA/FDA (United States Department of
Agriculture/Food and Drug Administration) [45], which
are at levels of 25 and 21-38 g/day (state-dependant),
respectively [46]. For example, the suggested daily intake
of bread is 6 servings per day (25-35 g/slice is one por-
tion as calculated from EFSA and WHO country-depen-
dant recommendations in Western Europe) [46, 47]. Thus,
incorporating 10 % BSG into wheat bread could add an
additional 13.9 g/day of dietary fibre through consump-
tion of this BSG-fortified staple food, which would con-
tribute to approximately 50 % of the recommended daily
intake.

Additionally, using the BSG industrial by-product,
which has a low monetary value of between €1-6/tonne, as
high-nutrient functional ingredient will enhance the eco-
nomic potential of the brewhouse as well as improving the
dietary attributes of food formulations. To conclude, the
resultant BSG and BSG SD-substituted breads are a viable
potential replacement for wholemeal breads from eco-
nomical, nutritional and environmental by-/co-product
revalorisation perspectives.
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