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Abstract: In the present work, brewer’s spent grain, BSG, the main by-product of beer
production, was applied for the recovery of total polyphenols (TPs). Whole and ground
BSG (wBSG and gBSG), derived from a Pilsen beer, was subjected to a solvent extraction
using ethanol/water (50:50 v/v), and then, to improve TP recovery, microwave, ultrasound
bath or probe pre-treatments were applied. The highest total phenolic content (TPC)
(5.8 mg GAE/gDW) was obtained with gBSG pre-treated with the ultrasound (US) probe
for 15 min at 250 W. Solid-state fermentation (SSF) with Phanerochaete chrysosporium, in
microcosms was investigated to improve the release of TPs. Microcosms were monitored
by means of CO2 production, the total proteins, and laccase activity. Fungal growth on
gBSG, after only 10 days of fermentation, resulted in a 30% increase in the TPC compared
to the unfermented substrate. Applying US probe-assisted extraction to fermented, ground
BSG resulted in a 51% improvement compared to the untreated sample.

Keywords: BSG; solid-state fermentation; Phanerochaete chrysosporium; total polyphenols;
ultrasound pre-treatment

1. Introduction
Brewer’s spent grain, BSG, is the primary by-product generated during beer pro-

duction process, and it is commonly discarded in large quantities and sold off at a low
price. The worldwide beer production growth rate, predicted from 2021 to 2026, is about
14.1%, and consequently, the amount of discharged BSG is expected to rise proportion-
ally (about 40 million tonnes/year) [1,2]. Considering BSG’s chemical composition, apart
from the main significative components, such as cellulose (14.0–40.9%), hemicellulose
(14.9–40.0%), lignin (3.8–17.8%), protein (15.4–23.1%), and lipids (5.3–8.9%), various bioac-
tive compounds, with health-benefitting properties, are also present [1]. For this reason,
in the last decade, different studies have been carried out to exploit BSG for the recovery
of added-value products to be applied in the biotechnological, pharmaceutical, and food
fields [3]. In particular, BSG is considered a unique source of polyphenols, characterized by
an in vitro antioxidant potential similar to that of α-tocopherol and ascorbic acid [4]; the
two main families of phenolic acids, hydroxybenzoic (HBA) and hydroxycinnamic acids
(HCA), are present in BSG in quantities equal to 12 mg/100g and 450 mg/g, respectively [5].
Phenolic acids are strictly bound to the plant cell wall, and for this reason, various BSG
pre-treatments and extraction methods have been investigated to improve the extraction
yield and to preserve the polyphenol antioxidant ability.

BSG pre-treatments, like grinding or milling and homogenization, cause damage to
the plant cells and raise the surface area in contact with the solvent, thus increasing the
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extraction efficacy [5]. For this reason, the effects of different pre-treatments have been
studied in [6], finding that the milling of wet BSG, carried out without adding water, does
not alter the BSG moisture content and is preferred to the milling of BSG dried overnight at
60 ◦C.

Following the pre-treatment phase, polyphenols are typically extracted from the raw
BSG, applying traditional techniques such as chemical hydrolysis and solvent extraction.
Ethanol, methanol, acetone, and isopropanol, pure or mixed with water, are the main
organic solvents applied; moreover, solvent acidification, allowing for the production of
H+ ions, is often carried out to stabilize the free radicals produced during extraction [7].
In order to increase the total polyphenol yield, chemical methods can be coupled with
physical ones, like the microwave (MW)- or ultrasound (US)-assisted extraction [8].

Moreira et al. reported an improvement, thanks to electromagnetic waves, on the
extraction yield of ferulic acid fivefold higher than that obtained using sole solid–liquid
extraction by applying MWs for 15 min, at 100 ◦C, to 1 g of dried BSG with 20 mL of 0.75%
NaOH [9]. Similarly, Carciochi et al. found that an 8% increase in extracted polyphenols,
with respect to the untreated control, was achieved with MW-assisted extraction; addition-
ally, the polyphenol extraction was faster (1.66 mg/g/min compared to 0.98 mg/g/min of
the control) [10].

US-assisted extraction can be carried out in a bath or with US probes, depending on
the sample volume. Iadecola et al. reported an increase in extracted phenolic compounds
(4.1 mg GAE/gDW) by applying a US bath pre-treatment at 37 kHz for 50 min at 80 ◦C using
a mixture of ethanol/water (80:20 v:v) compared to an extraction without the pre-treatment
(1.6 mg GAE/gDW) [11]. Using a lower frequency of 20 KHz and a power of 45 W, an
ethanol mixture at 70:30, and a solid/liquid ratio of 30:1 [10] achieved a positive effect of
the US probe assistance and resulted in a 13% improvement in the extraction yield. The
higher efficacy of the US in total polyphenol extraction was also demonstrated in [12] using
water as a solvent: US was applied for 30 min with pulses of 5 s of 20 kHz waves at 47 ◦C.

Coupling the solvent extraction with physical methods such as MW and US extraction
has a great advantage in the extraction yield [5,8–10]; despite this, physical treatments have
some limitations, such as possible damage to the extracted molecules and the formation of
unwanted and potentially harmful compounds. Moreover, they are expensive treatments
because they require high energy consumption [13]. For this reason, alternative methods
can be investigated to enhance the release of phenolic compounds bound to the ligninolytic
structure of BSG. Among them, solid-state fermentation, SSF, is a promising cost- and
energy-efficient alternative [14].

Untreated BSG, discharged from the beer production, is particularly suitable for
SSF because its water activity and moisture content (about 70%) are within the range of
typical SSF media, and consequently, BSG does not require additional drying or water
supplementation [15,16]. Filamentous fungi, thanks to their ability to degrade the lignin’s
complex structure, are the main candidates for the fermentation of BSG [17,18]. Genera
such as Aspergillus, Trametes, and Fusarium have been applied in BSG treatment thanks
to their capability to produce ligninolytic enzymes. In this concern, SSF carried out with
different filamentous fungi on BSG was reported in [14] to evaluate the release of phenolic
compounds. Among the five tested species, Aspergillus oryzae proved to be the most
effective after 3 days of fermentation, allowing for the recovery of TPCs equal to about
8 mg GAE/g. In the work of [19], SSF of BSG with A. ibericus is reported as an efficient
process to increase the production of lignocellulolytic enzymes and, consequently, the
extraction of phenolic compounds. The use of T. versicolor was reported in the work of [20]
for the production of lignolytic enzymes in SSF with BSG, with an increase in the extracted
total polyphenols equal to 56% compared to that of unfermented BSG. T. versicolor, after
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14 days of fermentation in the presence of BSG as the sole C and N source, allowed for a
3.4-fold increase in the extraction of total polyphenols compared with untreated BSG [21].
Cervantes-Ramirez et al. studied the SSF of blade-milled BSG with Fusarium oxysporum;
in the first 48 h of incubation, a higher amount of free phenolic compounds with respect
to BSG was reported (about 21 and 9 mg/g, respectively) [22]. In the literature, a single
physical pre-treatment is generally applied to extract polyphenols from fermented BSG,
but a lack of comparison between the different types of pre-treatments is evident.

In the present work, BSG was frozen as is, without drying, to prevent microbial
deterioration, being maintained for more than 12 months. Thawed BSG was applied whole
or simply blade ground. Different combinations of physical pre-treatments (i.e., MW, US
bath, and US probe) and a biological one, SSF, have been applied on whole or ground BSG
prior to standard solvent extraction to recover polyphenols.

SSF with the ligninolytic fungus Phanerochaete chrysosporium was performed for the
first time on BSG, without the addition of mineral medium to promote mycelial growth and
induce laccase production. Finally, the best physical pre-treatment was coupled with SSF.

2. Materials and Methods
2.1. Chemicals

All the utilized reagents were of analytical grade and were provided by MERCK
KGaA (Darmstadt, Germany). D+ glucose (cod. 49139), malt extract (cod. 1.05391), peptone
(cod. 90765), and agar (cod. 05040) were used for the preparation of malt extract agar,
MEA. Sodium hydroxide, NaOH (cod. S5881), hydrochloric acid, HCl (cod. 1.00317),
phenolphthalein (cod. 105945), and barium chloride, BaCl2 (cod. 217565) were applied
to capture and measure the produced CO2. Ethanol (cod. 1.00983) was used for the total
polyphenol extraction, and analytical determination was carried out with Folin–Ciocalteau
reagent (cod. 1.09001.0100), sodium carbonate (cod. S7795), and gallic acid (cod. 27645).
The reagents utilized for the laccase activity were sodium tartrate buffer (cod. S4797),
manganese sulphate, MnSO4 (cod. 221287), 2,6-Dimethoxyphenol, 2,6-DMP (cod. D135550),
and hydrogen peroxide, H2O2 (cod. 95321).

Whey protein isolate (cod. MILEI 90, MILEI GmbH, Leutkirch im Allgäu, Germany)
was used for the calibration curve construction for the total protein evaluation.

2.2. Microorganism

SSF was carried out in the presence of Phanerochaete chrysosporium MUCL 19343,
purchased from the Belgian Coordinate Collection of Microorganisms BCCM/MUCL,
Universitè Catholique de Louvain, Louvain-la-Neuve, Belgium. The microorganism was
maintained on MEA, (D + glucose 20 g/L, malt extract 20 g/L, peptone 2 g/, and 2% agar),
at +4 ◦C until its utilization.

2.3. BSG

Wet BSG was supplied by a local beer producer located in Piemonte (Italy), originating
from a Pilsen beer (50% Pilsner, 20% Pale Cara Ruby, 15% Pale Ale, and 15% oat flakes). It
was freshly collected on the same day of production, kept at −20 ◦C, and thawed at room
temperature before its utilization. Wet BSG was applied whole (wBSG) or blade ground
(gBSG) by means of a knife until fragments of 4–5 mm were obtained.

2.4. SSF

Two SSF tests, indicated as test 1 and test 2, were realized in closed microcosms
(Erlenmeyer flasks, 500 mL) filled with 40 g of wBSG or gBSG, sterilized in an autoclave
(121 ◦C, 2 atm for 20 min) prior to be applied in abiotic controls, either without the inoculum
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(control wBSG and gBSG) or in biotic samples inoculated with P. chrysosporium (wfBSG and
gfBSG) (Figure 1).
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The standardized fungal inoculum for biotic samples was prepared starting from
colonies grown for 4 days at 39 ◦C on MEA; conidia were resuspended in sterile water, the
optical density was spectrophotometrically evaluated at 600 nm, OD600, and the suspension
was opportunely diluted to obtain 0.8 < OD600 < 1; finally, 3 mL was homogeneously
dispersed on the surface of sterile BSG (i.e., wfBSG or gfBSG); in the case of abiotic controls,
the fungal inoculum was substituted with 3 mL of sterile distilled water (i.e., control
wBSG and control gBSG). In test 2, in addition to the 3 mL of inoculum (biotic samples)
or 3 mL of distilled water (abiotic controls), a further volume of distilled water (2 mL)
was directly added to gBSG. The main characteristics of the microcosms, set-up as abiotic
controls and biotic samples in SSF test 1 and test 2 (see Figure 1), are summarized in
Table 1A,B, respectively.

Table 1. Microcosm set-up in SSF test 1 (A) and test 2 (B).

(A)

SSF Test 1

Abiotic Controls Biotic Samples

BSG Type (40 g) Control wBSG Control gBSG wfBSG gfBSG

Inoculum water
(3 mL)

standardized inoculum
(3 mL)

Temperature 39 ◦C (till the 2nd day), shift to 30 ◦C (till the 10th day)

Duration 10 days

(B)

SSF Test 2

Abiotic Controls Biotic Samples

BSG type (40 g) Control gBSG gfBSG

Inoculum water
(3 mL)

standardized inoculum
(3 mL)

Water added to gBSG 2 mL 2 mL

Temperature 30 ◦C

Duration 21 days
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During the time course of the incubation, in all microcosms, moisture was maintained
by hanging, at the neck of the flask, a 5 mL plastic tube filled with 3 mL of water. At
the beginning of each fermentation test and periodically during the incubation, closed
microcosms were aerated by insufflating sterile moistened air for 5 min at a pressure of
0.98 bar.

In SSF test 1, flasks were incubated in the dark at 39 ◦C, and after 2 days, a temperature
shift was carried out at 30 ◦C, being maintained till the end of the SSF (see Table 1A), while
in test 2, the microcosms were maintained at 30 ◦C from the beginning of the fermentation
(see Table 1B).

SSF Monitoring: Respirometric Determination

The respirometric evaluation in closed microcosms, abiotic and biotic, was performed
measuring the produced CO2, captured in a 3M NaOH solution, according to the method
described in [23]. The NaOH solution was dispensed into sterile polypropylene tubes
(12 mL, see Figure 1); the captured CO2 was quantified using an acid–base titration with
HCl 1.5 N, BaCl2 1 M as the precipitating agent, and a phenolphthalein solution, 1% in
ethanol, as a color indicator. The CO2 quantity was calculated as follows (Equation (1)):

CO2 (mg) = (V0 − V) × f (1)

where V0 is the HCl 1.5 N volume necessary to titrate the abiotic controls, V is the volume
required for the biotic samples, and f is the conversion factor equal to 22 × M, where M is
the HCl solution molarity.

2.5. Total Polyphenol Recovery

After being characterized, wBSG and gBSG were applied as substrates for TP recovery.
The solvent extraction was directly carried out, or it was preceded by three different BSG
pre-treatments (MW, US bath, or US probe) using both the whole and the ground substrate.
In regard to wfBSG and gfBSG, they straight underwent the solvent extraction, while only
gfBSG was pre-treated with the US probe. All the experimental procedures that resulted in
TP recovery, with or without SSF, are shown in Figure 2.
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Separations 2025, 12, 58 6 of 17

2.5.1. Solvent Extraction

The total polyphenols (TPs) were extracted using a mixture ethanol/water 50:50
(v/v) [24]. BSG (control wBSG, control gBSG, wfBSG, and gfBSG), previously dried at 80 ◦C,
was combined with the solvent at a ratio of 1:40 and maintained in agitation in a water bath
at 80 ◦C for two hours. Then, the extract was separated with Whatman filter paper N◦1
(WHA1001090, Whatman Int. Ltd., Maidstone, UK) and spectrophotometrically evaluated
as described in Section 2.7.7.

2.5.2. MW- and US-Assisted Extractions

Before TP solvent extraction, MWs and a US bath or probe were utilized for the
pre-treatment of dried wBSG or gBSG. The BSG sample was mixed with water at a ratio
of 1:20.

MW treatment was performed in a microwave oven (Dimension 4, Panasonic Market-
ing Europe GmbH, Munich, Germany, operating for 1 min in a continuous mode at 400 W
or 800 W [25]. The US bath (Elmasonic P, Elma Schmidbauer GmbH, Singen, Germany)
was utilized at a frequency of 37 kHz and a maximum power of 550 W for 20 or 40 min [11].
Finally, the US probe was applied using an ultrasound probe (Ø = 1/2”) operating in a
pulsed mode (5 s on/5 s off) at a frequency of 20 KHz, with an amplitude of 100% and
ultrasound power of 250 W, for 15 or 30 min (SFX250 Sonifier®, sBranson, Emerson, Milan,
Italy) [12].

At the end of each pre-treatment, water was added to replenish that which had
evaporated during the physical treatment; then, ethanol was added (ratio of 1:20), and the
extraction protocol followed as described in Section 2.5.1.

2.6. BSG Water Extract

At the beginning of each experimental trial and in the time course of the fermentation,
the control wBSG, control gBSG, wfBSG, and gfBSG, were mixed with distilled water at a ra-
tio of 1:2.5 (w/v), at 25 ◦C, and under continuous stirring (C-MAG HS 4, IKA, 79219 Staufen,
Germany) at 1000 rpm for 1 h. The extract, separated by means of centrifugation (centrifuge
IEC CL30, Thermo SCIENTIFIC, Waltham, MA, USA), which was carried out at 4000 rpm
for 12 min at 25 ◦C, was then characterized with the analytical determinations described in
Section 2.7.

2.7. Analytical Determinations on BSG and BSG Extracts
2.7.1. Moisture% of BSG

BSG moisture% was checked in a thermobalance (MB120, OHAUS Europe GmbH
Heuwinkelstrasse 3, 8606 Nänikon, Switzerland) at 80 ◦C, operating at a drying rate
of 1 mg/90 s.

2.7.2. pH

The pH of the water extract (Section 2.6) was evaluated with a benchtop pH meter
(pH730, inoLab, WTW, 82362 Weilheim, Germany).

2.7.3. Total Proteins

The total protein content of the water extract (Section 2.6) was spectrophotometrically
evaluated at 280 nm (spectrophotometer Lambda 465, PerkinElmer, Waltham, MA, USA)
using commercial whey protein isolate (MILEI 90, MILEI GmbH, Leutkirch im Allgäu,
Germany) as the standard, in the range 0–1 g/L, for the calibration curve construction.
Total protein values are reported as proteins per BSG dry weight, g/gDW.
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2.7.4. Laccase Activity

The laccase activity of the water extract (Section 2.6) was measured by spectrophoto-
metrically monitoring the oxidation of 2,6-DMP 10 mM at 468 nm (ε = 23,100 M−1 cm−1)
and at 25 ◦C [26]. The reaction mixture contained the extract, sodium tartrate buffer
(200 mM, pH 5.0), MnSO4 (10 mM), 2,6-DMP (1 mM), and H2O2 (0.1 mM). The reaction
was initiated by adding hydrogen peroxide at 10 mM. One unit of the enzymatic activity
was defined as 1 µmol of product formed per minute.

2.7.5. Degrees Brix

The degrees Brix (◦Bx) of the water extract (Section 2.6) was evaluated with a refrac-
tometer (PAL-1, ATAGO, Saitama, Japan), measuring in the range 0–53%, using distilled
water as a reference.

2.7.6. D-Glucose Content

The D-glucose content of the BSG water extract (Section 2.6) was spectrophotometri-
cally determined using the commercial kit EnzytecTM Liquid D-Glucose Art. No. E8140
(R-Biopharm AG, Darmstadt, Germany).

2.7.7. Total Phenolic Content (TPC)

The TPC was measured using the Folin–Ciocalteu method [10]. The extract (see
Section 2.5), at 0.5 mL, was mixed with the Folin–Ciocalteu reagent (1:10 diluted, 2.5 mL)
and 7.5% sodium carbonate (2 mL). The prepared samples were stored in the dark, for
2 h, at room temperature, and then the absorbance was determined with a UV–Vis spec-
trophotometer at a wavelength of 765 nm, using gallic acid as the standard. Blank solutions
were prepared via the same method, replacing the sample solution with distilled water.
The TPC was expressed as the equivalent of Gallic acid (mg) per BSG dry weight (gDW),
mg GAE/gDW [14].

2.8. Data Analysis and Statistics

All the reported data are means of three replicates with their standard deviations
(SDs), shown in graphs as error bars. Each experiment was carried out with two tech-
nical replicates (n = 6). Differences between two given groups were tested for statistical
significance using Student’s t-test (p < 0.05), while those between more than two groups
were evaluated via one-way analysis of variance (ANOVA) followed by the Bonferroni test.
Differences with p < 0.05 are considered to be statistically significant; “ns” is reported for
p > 0.05, “*” for p < 0.05, “**” for p < 0.01, “***” for p < 0.001, and “****” for p < 0.0001.

3. Results
3.1. BSG Characterization

Table 2 lists the main parameters characterizing wBSG, gBSG, and BSG water extract
(see Section 2.6); the TPC value (see Section 2.5.1) is also reported.

gBSG has a moisture content 17% higher than that of wBSG. In regard to the BSG
water extract, the pH, total proteins, D-glucose amount, and ◦Bx are similar for wBSG and
gBSG, with a difference lower than 10% for all the evaluated parameters.

Finally, considering the TPC (Section 2.5.1), the value of gBSG is 15% higher than that
of wBSG.
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Table 2. Main parameters of wBSG, gBSG, and BSG extracts (* values referred to the water extract;
** values referred to TP solvent extraction).

Parameters wBSG gBSG

Moisture% 62 ± 2% 74.3 ± 3%

pH * 5.4 ± 0.3 5.8 ± 0.2

Total proteins *, g/gDW 0.009 ± 0.001 0.01 ± 0.001
◦Bx * 0.26 ± 0.2 0.30 ± 0.1

D-glucose *, g/L 2.05 2.08

TPC **, mg GAE/gDW 3.4 ± 0.2 4 ± 0.2

3.2. TPCs of Pre-Treated wBSG and gBSG

As reported in Sections 2.5.2 and 3.1, the TPs were extracted from wBSG and gBSG,
applying the solvent extraction with ethanol/water at 50% (v/v). In order to improve the
TP extraction, wBSG and gBSG underwent three different physical pre-treatments: MWs
(400 or 800 W, for 1 min), US bath (550 W, for 20 or 40 min), and US probe (250 W, in a
pulsed mode of 5 s on/5 s off, for 15 or 30 min). In all cases, the TPC of gBSG was always
higher than that of wBSG; the results obtained with different pre-treatments are reported in
Table 3. The highest TPC values were achieved with the US probe treatment on gBSG: 5.8
and 5.9 mg GAE/gDW, obtained for 15 and 30 min, respectively.

Table 3. TPCs (mg GAE/gDW) of wBSG and gBSG submitted to pre-treatments compared to controls.

wBSG gBSG

Without Pre-Treatment 3.4 ± 0.41 4.0 ± 0.52

Pre-Treatment Power (W) Time (Min)

MW
400

1
3.7 ± 0.45 4.0 ± 0.56

800 4.0 ± 0.51 4.8 ± 0.61

US bath 550
20 3.6 ± 0.42 4.0 ± 0.49

40 3.5 ± 0.41 4.1 ± 0.50

US probe 250
15 4.8 ± 0.50 5.8 ± 0.70

30 5.0 ± 0.60 5.9 ± 0.66

In Figure 3, the best extraction results referring to MWs (800 W for 1 min), an US
bath (550 W for 40 min), and US probe (250 W for 30 min) are reported and compared
with those attained without pre-treatments (continuous and dotted red lines for wBSG
and gBSG, respectively). In regard to wBSG (white bars), pre-treated with the US bath, the
TPC (3.5 mg GAE/gDW) was similar to that of the untreated wBSG (3.4 mg GAE/gDW)
(p = 0.15). MWs and the US probe allowed us to obtain a TPC 15% (p = 0.0095) and 30%
higher, respectively (p = 0.0012). Considering the gBSG (black bars), the US probe gave the
best result (5.9 mg GAE/gDW): 19% and 31% higher than those obtained with the MWs
and US bath (p = 0.0053 and p = 0.00067, respectively).
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Figure 3. TPCs of pre-treated wBSG (white bars) and gBSG (black bars). Red lines indicate
TPCs obtained without pre-treatment (continuous = wBSG, 3.4 mg GAE/gDW; dashed = gBSG,
4 mg GAE/gDW). “**” for p < 0.01, “***” for p < 0.001.

3.3. SSF in Microcosms with P. chrysosporium
3.3.1. TPCs of wfBSG and gfBSG: Test 1

SSF has been performed in closed microcosms with P. chrysosporium inoculated on
wBSG or gBSG. In test 1, microcosms were incubated at 39 ◦C for 2 days, and then a
temperature shift was carried out at 30 ◦C, maintained till the end of the incubation
(10 days). BSG from abiotic (control wBSG and gBSG) and biotic microcosms (wfBSG and
gfBSG) was sampled and characterized (see Section 2.7), and TPs were recovered with the
solvent extraction (see Section 2.5.1).

In biotic samples, fungal growth was evaluated by means of CO2 production assess-
ment. As shown in Figure 4, up to the 3rd day of incubation, the CO2 production rate was
higher in the microcosms with gfBSG (300 mgCO2/day for gfBSG and 255 mgCO2/day
for wfBSG), while from the 4th to the 7th day, about 14% higher values were registered in
the microcosms with wfBSG. On the 7th day, in both microcosm types, the maximum rate
was reached, with comparable values (451 and 460 mgCO2/day with gfBSG and wfBSG),
followed by a similar trend maintained till the end of the incubation (10th day, 370 and
350 mgCO2/day for gfBSG and wfBSG). In the same figure, the ◦Bx trend is also reported;
values referring to wfBSG show an increase in the first 7 days, being more evident between
days 4 and 7, from 0.31 to 0.38, followed by a reduction to 0.27 at day 10. The ◦Bx of
gfBSG is always higher than that of wfBSG and shows a decreasing trend from 0.44 at the
beginning of the incubation to 0.32 on the 10th day.

Regarding abiotic controls, the moisture% level remained stable during the entire
incubation period (62.3 and 77.3), and the pH (6.01 and 6.12 for control wBSG and gBSG),
the ◦Bx (0.25 and 0.29 for control wBSG and gBSG), and the total proteins (0.01 g/gDW for
both types of control BSGs) behaved similarly. Considering fermented BSG (see Table 4),
as expected, the moisture content increased during the incubation, from 62.3 to 77.3% for
wfBSG and from 77.3 to 79% for gfBSG. Regarding the pH value, in the first 4 days, it was
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stable with both types of microcosms; on the 7th day, the highest values were measured
(6.13 and 6.44 for wfBSG and gfBSG); finally, on the 10th day, the pH value remained stable
for wfBSG, while it decreased to 6.22 for gfBSG. During the incubation, the total proteins
and laccase activity were also evaluated; as shown in Table 4, the values were similar for
wfBSG and gfBSG but always higher (about 25%) in microcosms with gfBSG. The number
of total proteins increased until the 10th day to 0.023 g/gDW for wfBSG and to 0.032 g/gDW

for gfBSG. The laccase activity reached its maximum on the 7th day (1.21 and 1.35 UI/L for
wfBSG and gfBSG), in correspondence to the highest CO2 production rate (see Figure 4).
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Figure 4. CO2 production rate and ◦Bx for wfBSG and gfBSG (a). The growth of P. chrysosporium
onto gfBSG on the 7th day of incubation is shown in picture (b). At each incubation time, the
statistical significance between wfBSG and gfBSG for ◦Bx and the CO2 rate is reported (“ns, “*”, “**”,
and “****”).

Table 4. (A) Moisture%, pH, (B) total proteins, and laccase activity of wfBSG and gfBSG.

(A) Moisture% pH

Day wfBSG gfBSG wfBSG gfBSG

0 62.3 ± 3 77.3 ± 4 6.01 ± 0.27 6.12 ± 0.29

4 75.1 ± 3.6 78.3 ± 4.5 6.07 ± 0.30 6.14 ± 0.29

7 77.2 ± 4 78.2 ± 4.7 6.13 ± 0.28 6.44 ± 0.36

10 77.3 ± 4 79.0 ± 4 6.12 ± 0.29 6.22 ± 0.31

(B) Total Proteins (g/gDW) Laccase (UI/L)

Day wfBSG gfBSG wfBSG gfBSG

0 0.01 ± 0.0016 0.01 ± 0.0019 0 0

4 0.014 ± 0.0022 0.020 ± 0.0032 0.025 ± 0.0079 0.036 ± 0.0057

7 0.021 ± 0.0034 0.027 ± 0.0043 1.21 ± 0.0085 1.35 ± 0.0099

10 0.023 ± 0.0040 0.032 ± 0.0051 0.90 ± 0.0066 1.12 ± 0.0019

During test 1, as shown in Figure 5, TPs were recovered from the control wBSG
and gBSG and from wfBSG and gfBSG after 4, 7, and 10 days from the beginning of
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the incubation. Considering wfBSG, in the first 7 days of incubation, there was not a
significative improvement in the TPC in comparison with the control wBSG (3.5 and
3.6 mg GAE/gDW on the 4th and 7th days compared with 3.4 mg GAE/gDW, p = 0.22
and p = 0.26, respectively), while on the 10th day, an improvement of 24% was measured
(p = 0.0047). In the presence of gfBSG, the TPC value was always higher than that of
wfBSG. In the first 4 days of incubation, the TPC (4.2 mg GAE/gDW) was almost similar
to that of control gBSG (4 mg GAE/gDW, p = 0.089), and after that, an improvement
was registered (4.4 and 5 mg GAE/gDW, p = 0.081 and p = 0.0051, respectively). On the
10th day, an enhancement corresponding to 20% was the highest obtained, thanks to the
SSF application.
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Figure 5. TPCs of wfBSG and gfBSG. Red lines indicate the TPC of the control wBSG, 3.4 mg GAE/gDW

(continuous), and the control gBSG, 4 mg GAE/gDW (dotted).

3.3.2. Effect of US Probe Pre-Treatment on TPC of gfBSG: SSF Test 2

The second SSF with P. chrysosporium was set-up with gBSG and monitored for 21 days,
maintaining the microcosms at 30 ◦C from the beginning of the incubation. The same
parameters evaluated in test 1 were measured; in addition, the D-glucose content of the
BSG water extract was evaluated (see Section 2.6). In regard to TP recovery, the control
gBSG and gfBSG, sampled from microcosms, were subjected to solvent extraction, preceded
or not by the US probe pre-treatment.

The CO2 production rate, ◦Bx, and D-glucose trends in biotic samples are shown
in Figure 6. The CO2 production rate reached the highest value on the 10th day, equal
to 167 mg/day; then it decreased progressively until the 21st day, when it was equal to
80 mg/day. Regarding the ◦Bx values, they decreased during the incubation from 0.31 to
0.1. Measuring the D-glucose, it was possible to observe a similar trend: the initial amount,
2.08 g/L, was halved in 10 days to 1.15 g/L, and then it continued to decrease till it reached
0.54 g/L on the 21st day.
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Figure 6. CO2 production rate, ◦Bx, and D-glucose of gfBSG.

Considering the control gBSG, the moisture% remained stable during the whole
incubation period (71.4%), and the pH (5.6), the ◦Bx (0.3), and the total protein content
(0.012 g/gDW) behaved similarly. The same parameters, together with the laccase activity, of
the biotic microcosms (gfBSG) are summarized in Table 5. As already reported for SSF test 1,
during the incubation, the moisture% grew progressively from 71.4 to 81.2%. Considering
the pH values, a decrease was registered till the 15th day, from 5.7 to 4.7, and then the
pH grew again to 5.8 (21st day). The total protein content increased progressively up to
the 15th day, when the highest value was reached (0.033 g/gDW), and then it remained
almost stable; the laccase activity reached the maximum (1.32 UI/L) on the 10th day; then a
decrease to 0.85 UI/L was measured on the 21st day.

Table 5. Moisture%, pH, total protein, and laccase activity values obtained during 21 days of SSF
with gfBSG.

Moisture% pH Total Proteins
(g/gDW)

Laccase
(UI/L)

Day

0 71.4 ± 3.8 5.6 ±0.27 0.012 ± 0.0019 0

7 76.9 ± 2.8 4.6 ± 0.34 0.019 ± 0.0027 1.09 ± 0.0050

10 77.4 ± 2.9 4.9 ± 0.33 0.025 ± 0.0032 1.32 ± 0.0039

15 78.7 ± 3.7 4.7 ± 0.29 0.033 ± 0.0029 1.07 ± 0.0061

21 81.2 ± 2.5 5.8 ± 0.31 0.032 ± 0.0041 0.85 ± 0.0044

The TPC values, obtained at different fermentation times, from gfBSG are shown in
Figure 7. Considering the TPC obtained without pre-treatment, the improvement due
to fermentation was around 20% and almost stable during the entire incubation; the
TPC values were between 4.4 and 4.7 mg GAE/gDW from 7 and 21 days of incubation,
with a statistical significance equal to p = 0.033. When the US probe was applied, the
TPC values were always higher, about 26%, with respect to those obtained without the
pre-treatment (with a statistical significance represented by p-values between 0.0014 and



Separations 2025, 12, 58 13 of 17

0.00078). Comparing the highest TPC value, 6.5 mg GAE/gDW, measured in the second
test with that of the untreated and unfermented BSG (3.7 mg GAE/gDW), an improvement
of about 43% was obtained (p = 0.000086).
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4. Discussion
4.1. BSG Characterization

The applied BSG was characterized by a malt composition typical of a Pilsen beer, and
it has been chosen because, as reported in [27], pale malts typically contain more phenolic
compounds than those treated at high temperatures. Prior to be utilized for SSF and for
the optimization of TP recovery, the BSG was characterized in terms its of moisture%, pH,
total proteins, ◦Bx, and D-glucose content. In general, the main measured values are in the
range of those found in the literature, and their variability could be attributed to the barley
variety and the presence of different grains [28]. When gBSG was compared to wBSG, its
moisture%, as expected, was 12% higher, while the other parameters were almost similar,
in the range of statistical variability.

TPCs of wBSG and gBSG

TPs were recovered from BSG oven-dried at 80 ◦C; this step was carried out to increase
the extraction yield, as reported in [5]. This temperature is below the critical value of
100 ◦C, under which phenolic compounds are stable without significative degradation [29].
The solid–liquid extraction was performed using ethanol/water (50:50, v/v), a low viscous
solvent that allowed us to enhance the mass transfer and to promote the recovery of
phenolics [30,31]. In this way, the obtained TPC was equal to 3.4 mg GAE/gDW for wBSG.
Then, manually grinding the wet wBSG, a further improvement of 15% was obtained,
corresponding to 4 mg GAE/gDW, a value in the range of that reported in [32] for a Pilsen
beer (about 3 mg GAE/gDW).
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4.2. BSG Physical Pre-Treatments for TPC Improvement

To investigate the possibility to increase the TPC, wBSG and gBSG were pre-treated
using different physical techniques; with this purpose, before the solvent extraction, MWs
and US, using a bath or probe, were applied to facilitate the release of TP bound to the cell
wall components [8].

Independently of the applied pre-treatment, the TPC values of gBSG were always
higher than those of wBSG, with an improvement in the range 8–17%.

MWs and US bath pre-treatments, which gave the lowest enhancement, were not
investigated further. In this regard, even though the MW pre-treatment had the advantage
of a reduced extraction time (1 min) and the lowest consumed energy (maximum of 48 kJ),
it caused the heating of the BSG till 100 ◦C, with the temperature registered at the end of the
treatment. Concerning this aspect, although the literature references about a temperature
effect on polyphenol extraction are full of discrepancies, these compounds are generally
reported as heat labile, and their thermal degradation is commonly described [33,34]. In
regard to the US-assisted extraction, great differences were observed between that carried
out in a bath or with a probe, which gave the highest TPC values. This can be explained by
the fact that a US probe allows for direct contact between the sound waves and extraction
solvent and enhances the extraction efficiency [7]. Furthermore, the US probe pre-treatment
gave very similar results when maintained for 15 or 30 min (5.8 and 5.9 mg GAE/gDW): for
this reason, considering the power consumption associated with the treatment (225 and
450 kJ for 15 and 30 min), the shorter time was chosen for all the subsequent experiments. In
view of a scale-up of the obtained results, additional data related to the energy and chemical
consumption of the whole extraction process are necessary, which is also discussed in [35].

4.3. TPC of wfBSG and gfBSG: Test 1

wBSG and gBSG have been applied as substrates for SSF in the presence of P. chrysospo-
rium, in closed microcosms. The fungal ability to degrade the lignocellulosic matrix and,
consequently, to improve TP release were evaluated [36]. As demonstrated through CO2

production, the ligninolytic fungus was able to grow on the substrate as is, whole or ground.
In fact, as reported in [37], the water activity and moisture content of BSG are particularly
suitable for the growth of filamentous fungi, which can penetrate with their hyphae be-
tween the particle spaces, see Figure 4b. During the time course of the incubation, the
total protein content increased progressively, and in only 7 days of incubation, the highest
laccase activity was measured in correspondence to the highest CO2 production rate.

During SSF, the synthesis of laccase promotes the degradation of the BSG structure
and, consequently, facilitates the release of trapped TP [20]. As expected, from the results
obtained applying by grinding on unfermented BSG, the TPC values of gfBSG were always
higher than those of wfBSG: as reported in [3], the breakdown obtained during manual
grinding of BSG improves the fungal exploitation of the ligninolytic substrate, facilitating
TP detachment from vegetable cells and their recovery. In particular, the highest TPC, equal
to 5 mg GAE/gDW, was obtained in only 10 days of incubation with gfBSG; this value is
similar to that reported in [14] for A. oryzae (from 6 to 10 mg GAE/gDW, depending on the
BSG composition) after 7 days of incubation.

4.4. Effect of US Probe Pre-Treatment on TPC of gfBSG: SSF Test 2

In test 2, SSF with P. chrysosporium was carried out at 30 ◦C, a temperature reported as
optimal for the production of laccase [38]. The incubation was monitored for 21 days to
explore a possible enhancement in TP release due to a prolonged fungal growth on BSG [39];
in fact, as reported in [40], lignin’s poor solubility limits the availability of phenols, while
delignification due to the action of white-rot fungi aids in the liberation of these antioxidant
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molecules. Moreover, considering the improvement in TP extraction obtained with the US
probe (see Section 2.5.2), the same pre-treatment was applied on gfBSG.

In test 2, both the maximum CO2 production rate and laccase activity were postponed
and reached on the 10th day, 3 days later than in the test 1. In spite of this delay, comparable
laccase activity values were measured (1.35 UI/L in test 1 and 1.32 in test 2).

On the 10th day, TPC (4.6 mg GAE/gDW), obtained in test 2 without the pre-treatment,
was similar to that reached in test 1 (5 mg GAE/gDW), while when applying the US probe,
an improvement of about 25% (6.1 mg GAE/gDW) was reached. In both cases, similar
TPC values (6.5 mg GAE/gDW and 4.7 mg GAE/gDW, with and without the US probe
pre-treatment, respectively) were maintained till the 21st day.

Comparing the main results obtained with grinding, fermentation, and the physical
pre-treatment of BSG, it is possible to define the contribution of each single step in TP
recovery. In particular, grinding and the US probe pre-treatment allowed us to obtain a total
increase of 41% in the TPC (5.8 mg GAE/gDW). Moreover, coupling the solvent extraction
with the US probe step with the fermentation of ground BSG, the enhancement in the TPC
was equal to 51% in comparison with the TP extracted from BSG as is.

5. Conclusions
In the presented work, thawed BSG from a frozen stock was used as is or blade ground.

Polyphenols were recovered by means of a solvent extraction applied after physical or
biological pre-treatments. The best results were obtained in the presence of ground BSG.
In particular, increasing values of extracted TPs were achieved with a US bath, MWs,
SSF, and US probe. Finally, the US probe-assisted extraction, applied to the fermented–
ground BSG, allowed us to achieve further improvement in TP recovery, maintaining the
antioxidant properties.

Moving from lab-scale to industrial-scale application, further investigations are needed
by integrating scientific data with energy and economic data. Moreover, in order to define
the application field, a detailed analysis of the polyphenol composition will be necessary.

Author Contributions: Conceptualization, F.B.; methodology, C.M.; investigation, C.M.; data curation,
F.B. and C.M.; writing—original draft preparation, F.B. and C.M.; writing—review and editing, F.B.
and C.M.; supervision, F.B.; funding acquisition, F.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was funded by the European Union-Next Generation EU, Mission 4 Component
1.5-ECS00000036-CUP [E13B22000020001].

Data Availability Statement: All main data are available in the main text. Complementary informa-
tion upon data used in the analysis are available on reasonable request to corresponding author.

Acknowledgments: Authors thank Ing. Davide Forna for providing the BSG applied in the research.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

◦Bx Degrees Brix
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24. Bucić-Kojić, A.; Šelo, G.; Zelić, B.; Planinić, M.; Tišma, M. Recovery of Phenolic Acid and Enzyme Production from Corn Silage
Biologically Treated by Trametes versicolor. Appl. Biochem. Biotechnol. 2017, 181, 948–960. [CrossRef]

25. Ravindran, R.; Jaiswal, S.; Abu-Ghannam, N.; Jaiswal, A.K. A comparative analysis of pretreatment strategies on the properties
and hydrolysis of brewers’ spent grain. Biores. Technol. 2018, 248, 272–279. [CrossRef]

26. Nagai, M.; Kawata, M.; Watanabe, H.; Ogawa, M.; Saito, K.; Takesawa, T.; Kanda, K.; Sato, T. Important role of fungal intracellular
laccase for melanin synthesis: Purification and characterization of an intracellular laccase from Lentinula edodes fruit bodies.
Microbiology 2003, 149 Pt 9, 2455–2462. [CrossRef] [PubMed]

27. Samaras, T.S.; Camburn, P.A.; Chandra, S.X.; Gordon, M.H.; Ames, J.M. Antioxidant properties of kilned and roasted malts.
J. Agric. Food Chem. 2005, 53, 8068–8074. [CrossRef] [PubMed]

28. Jin, Z.; Lan, Y.; Ohm, J.B.; Gillespie, J.; Schwarz, P.; Chen, B. Physicochemical composition, fermentable sugars, free amino
acids, phenolics, and minerals in brewers’ spent grains obtained from craft brewing operations. J. Cereal Sci. 2022, 104, 103413.
[CrossRef]

29. Liziad, A.; Palma, M.; Brigui, J.; Barroso, C.G. Investigation on phenolic compounds stability during microwave-assisted
extraction. J. Chromat. 2007, 1140, 29–34. [CrossRef] [PubMed]
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