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Abstract

Brewer’s spent grain (BSG), the main by-product of the brewing industry, is a rich source
of arabinoxylans (AXs) and hydroxycinnamic acids, particularly ferulic acid (FA), which
contribute to its prebiotic potential. This study evaluates the prebiotic properties of resid-
ual solid from an enzymatically treated BSG, compared to the properties of BSG as a non-
enzymatically hydrolyzed control. Although the residual solid exhibited total polyphenol
(2581.96 +70.63 mg/100 g dry weight) and FA (180.84 + 3.28 mg/100 g dry weight) contents
comparable to those of the non-hydrolyzed control (2500.38 + 284.20 and 179.59 + 3.30
mg/100 g dry weight, respectively), the AX content was significantly higher (14,084.81 +
185.72 mg/100 g), accompanied by a lower degree of feruloylation (12.84 + 0.23 mg FA/g
AX), higher antioxidant activity (64,825.35 + 4011.24 umol TE/100 g), and structural
changes visualized by scanning electron microscopy. In addition, in vitro colonic fermen-
tation showed a delayed butyrogenic profile, with increased butyrate production com-
pared to the control (3.17 + 1.44 mM). Microbiota analysis by fluorescence in situ hybrid-
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these findings suggest that enzymatic processing of BSG can generate a residual solid with
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modified structural characteristics and potential prebiotic functionality, supporting its po-
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1. Introduction

Increased agricultural production and food processing generate large quantities of
lignocellulosic residues, among which brewer’s spent grain (BSG) is the most abundant
agro-industrial byproduct of the brewing sector. Produced after wort extraction during
beer manufacturing, BSG accounts for more than 85% of the brewing industry’s byprod-
ucts, reaching approximately 36.4 million tons annually worldwide [1]. This insoluble
solid residue is rich in dietary fiber, proteins, minerals, and phenolic compounds [2,3].
Although it has traditionally been used as animal feed or soil amendment, its potential
applications in human nutrition and as a source of high-value bioproducts have attracted
increasing attention [4-7].

Hemicellulose represents approximately 20-40% of BSG dry matter and is mainly
composed of arabinoxylans (AXs). These polysaccharides consist of a 3-(1—4)-linked xy-
lose backbone substituted with arabinose residues and are characteristically esterified
with polyphenol compounds such as hydroxycinnamic acids (e.g., ferulic and p-coumaric)
in cereal matrices [3,8-10]. FA exhibits strong antioxidant activity, making it valuable in
food, cosmetic, and pharmaceutical applications [11]. Moreover, the health-promoting ef-
fects of BSG are largely attributed to the prebiotic properties of feruloylated AX, which
are selectively fermented by the gut microbiota [12]. Their fermentation promotes the pro-
duction of short-chain fatty acids (SCFAs) and the proliferation of beneficial intestinal bac-
terial groups. During this process, fiber-bound FA is released by microbial polysaccha-
ride-degrading enzymes, including xylanases and feruloyl esterases. Among the taxa in-
volved, species of Bacteroides preferentially degrade less-substituted AX structures,
whereas Bifidobacterium and Lactobacillus are associated with the metabolism of more
highly branched AX structures [12]. Additional contributors include members of the fam-
ilies Prevotellaceae, Ruminococcaceae, and Lachnospiraceae [13]. The fermentation of these
polysaccharides primarily generates acetate, propionate, butyrate, and lactate —metabo-
lites that contribute to intestinal homeostasis and to the metabolic benefits associated with
AX-rich substrates [12,13].

Recent valorization strategies for BSG use enzymatic hydrolysis with feruloyl ester-
ases and carbohydrases to produce AX-rich hydrolysates with potential prebiotic func-
tionality and release FA, known for its antioxidant activity [4,6,12,14-19]. Such approaches
are attractive due to their selectivity, mild operating conditions, compatibility with food
systems, and reduced environmental impact. Similar to other processing strategies, in-
cluding chemical hydrolysis [14,20] and physical treatments [21], the primary aim of en-
zymatic processing is to obtain an FA-enriched liquor followed by an AX-rich hydrolysate
or extract, leaving a residue solid with prebiotic potential.

Even though few studies have addressed the valorization of the residual solid frac-
tion obtained after processing [22-24], some have reported the prebiotic functionality of
residual flours obtained after solid-liquid extraction and ohmic heating treatments of BSG
[25]. This fraction remains structurally modified but retains dietary fiber associated with
polyphenols that confer prebiotic activity [25]. In this context, the production of functional
flours from pretreated BSG has recently emerged as a promising strategy for valorizing
this agro-industrial by-product [26-28]. The implementation of a biorefinery approach en-
ables the integral valorization of BSG, allowing the sequential recovery of bioactive com-
pounds such as FA and the generation of functional fiber fractions with potential prebiotic
applications [29].

This study evaluates the in vitro potential prebiotic effect of the residual solid ob-
tained after the enzymatic processing of BSG using a selective, low-environmental-impact
treatment that structurally modifies the hemicellulosic matrix, but maintains a high con-
tent of bioactive compounds. This modification is expected to improve the bioaccessibility
of bioactive compounds and modulate fermentative responses.
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2. Materials and Methods
2.1. Raw Materials and Reagents

BSG was supplied by a micro-enterprise located in the Valparaiso Region, Chile
(33°02' S, 71°37" W). The material was obtained from a single batch of Session India Pale
Ale (IPA) beer and was collected and frozen on the same day the by-product was gener-
ated. Comparable chemical composition profiles have been observed among different
batches of the same beer type collected following the same procedure (Table S4).

All chemicals and reagents were of analytical grade. Sodium hydroxide (NaOH),
phosphoric acid, phosphate buffer, and sodium carbonate were supplied by Loba Chemie
Pvt. Ltd. (Mumbai, MH, India); acetonitrile, methanol, and ethanol were provided by
Scharlab S.L (Sentmenat, CT, Spain); hydrochloric acid (HCl) was provided by Central
Drug House (P) Ltd. (Delhi, DL, India). Ferulic acid, xylose, gallic acid and trifluoroacetic
acid, Folin—-Ciocalteu, sinapic acid, p-coumaric acid, chlorogenic acid, caffeic acid, 2,2'-
azobis(2-amidinopropane) dihydrochloride (AAPH), fluorescein, Trolox, sodium chloride
(NaCl), potassium chloride (KCl), sodium bicarbonate (NaHCOs;), magnesium sulfate
(MgSQ,), calcium chloride (CaCly), ferrous sulfate (FeSO,), potassium dihydrogen phos-
phate (KH,POy), phosphate-buffered saline (PBS), Tween 80, resazurin fructooligo-sac-
charides (FOS) and analytical standards of individually packaged organic acids (propi-
onic, acetic, butyric, lactic, citric, tartaric, malic, and succinic acids ) included in the Or-
ganic Acids Kit were provided Merck KGaA (Darmstadt, HE, Germany). SYBR Green
staining was provided by Molecular Probes (Invitrogen, Carlsbad, CA, USA). FISH oligo-
nucleotide probes were synthesized by Metabion International AG (Planegg, Bavaria,
Germany). Enzymes (a-amylase and pancreatin) and bile salts were obtained from Merck
KGaA (Darmstadt, Germany). Pepsin was supplied by Dinamica Quimica (Brazil).

2.2. Enzymatic Hydrolysis of BSG

BSG was stabilized and enzymatically pretreated according to protocols previously
established by our group. The reproducibility of the hydrolytic process, in terms of arab-
inoxylan (AX) solubilization across different batches of the same IPA beer type, was con-
firmed (Table S5). BSG was stabilized by convective drying at 60 °C for 21 h using a Heat
Pump Food Dehydrator (AGHD-15ELC, AIM Energy Saving Technology Co., Ltd.,
Zhongshan, China), and the particle size was adjusted to 1 mm using an electric mill (MF
10 basic, IKA-Werke GmbH & Co. KG, Staufen, Germany). The stabilized BSG was then
hydrolyzed with a commercial p-glucanase under the supplier’s conditions (Ultraflo® L,
Novozymes, Bagsveerd, Denmark), which has been reported to release FA from BSG
[30,31]. After enzymatic hydrolysis, the system was separated into a liquid fraction (here-
after referred to as hydrolyzed liquid fraction, HLF) and a residual solid fraction (hereaf-
ter referred to as hydrolyzed residual solid fraction, HRSF). The residual solid was freeze-
dried using a dual-condenser benchtop lyophilizer (Freeze Dryer, FDT-8632, OPERON
Co., Ltd., Gimpo-si, Republic of Korea) at —25 + 2 °C. Two biological replicates were per-
formed for each fraction. The stabilized BSG, after being convectively dried and milled to
a particle size of 1 mm, was used as an unhydrolyzed control (hereafter referred to as the
non-hydrolyzed brewer’s spent grain, NHBSG).

2.3. Characterization of BSG Samples
2.3.1. Scanning Electron Microscopy (SEM) Analysis

Solid samples from BSG (HRSF and NHBSG) were morphologically analyzed via
SEM. Samples were mounted on 12.7 mm diameter specimen mounts (Ted Pella, Inc.,
Redding, CA, USA) pre-coated with 3M conductive copper tape to ensure proper conduc-
tivity and sample adhesion. To prevent charging artifacts and improve image quality,
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samples were sputter-coated with a 2 nm thick gold—palladium (Au-Pd) layer using a
Leica EM ACE 200 (Leica Microsystems, Wetzlar, Germany) high vacuum coating system
under standard operating conditions. Morphological analysis was performed using an
AURIGA Compact dual-beam microscope (Carl Zeiss, Oberkochen, Germany) equipped
with field emission electron microscopy (FESEM), scanning transmission electron micros-
copy (STEM), and focused ion beam (FIB) capabilities. Images were acquired at magnifi-
cations ranging from 200x to 10,000x under optimized conditions. Four independent sec-
tions per sample were analyzed.

2.3.2. Differential Thermogravimetric Analysis (TGA)

Solid samples HRSF and NHBSG were thermally characterized by TGA. Samples
(10.0 = 0.5 mg) were placed in platinum pans and heated from 25 to 900 °C at a rate of
10 °C'min! in a DTG-60H (Shimadzu, Kyoto, Japan). Measurements were carried out at
atmospheric pressure under a nitrogen flow of 100 mL-min~' (99.90% purity). Small parti-
cle size (1 mm), low sample mass, and the selected heating rate were used to minimize
heat- and mass-transfer limitations, following recommended TGA conditions adapted
from Marchese et al. (2024) [32]. In accordance with ICTAC Kinetics Committee guidelines
[33], the TGA cell was purged with nitrogen before each run to ensure an oxygen-free
atmosphere and prevent sample oxidation. Each heating program was repeated at least
three times to confirm repeatability. Raw TGA data were processed according to El-Sayed
et al. (2024) [34], to determine mass percentage (TG%) relative to initial sample weight
and derivative thermogravimetric (DTG) values expressed as mass loss rate (mg/min)
through numerical time-based differentiation, with analysis restricted to the 50-650 °C
temperature range and DTG values within 0—2 mg/min to exclude artifacts.

2.3.3. Proximate Composition Analysis

Proximate composition was determined for samples obtained after enzymatic hy-
drolysis (HLF and HRSF), as well as NHBSG, according to standard methods of AOAC
International [35]. Moisture content was measured by oven drying at 105 °C until constant
weight (AOAC 925.10), ash content by incineration at 500 °C (AOAC 923.03), protein con-
tent by digestion and distillation using the Kjeldahl method (AOAC 960.52), and crude fat
by solvent extraction using the Soxhlet method (INN, 1988). Dietary fiber was determined
using an enzymatic—gravimetric method (K-TDFR; Megazyme Ltd., Bray, Co., Wicklow,
Ireland), and carbohydrate content was calculated by difference. All analyses were per-
formed in triplicate.

2.3.4. Determination of Hydroxycinnamic Acid Profile

The hydroxycinnamic acid profile (chlorogenic, caffeic, p-coumaric, sinapic, and fer-
ulic acids) was determined by HPLC-DAD (Jasco MD-4015, JASCO Corporation, Tokyo,
Japan) according to a method adapted from Kareparamban et al. (2013) [36] and Nadal et
al. (2015) [37] in NHBSG, HLF and HRSF. For NHBSG and HRSF, samples were subjected
to alkaline hydrolysis prior to analysis. Briefly, 1 g of sample was subjected to alkaline
hydrolysis with 20 mL of 4% w/v NaOH for 1 h at 60 °C and 120 rpm, followed by neu-
tralization to a pH of 67, filtration, and HPLC analysis. HLF was analyzed directly with-
out alkaline hydrolysis, since it represents the soluble fraction obtained after enzymatic
hydrolysis of NHBSG.

Chromatographic separation was performed using a Kromasil C18 column (250 x 4.6
mm, 5 um) with a mobile phase consisting of 0.1 N aqueous phosphoric acid, acetonitrile,
and methanol (75:15:10, v/v/v) under isocratic conditions. The flow rate was maintained at
1.0 mL/min for 18 min, with the column temperature set at 25 °C. Detection was carried
out at 320 nm. Quantification was achieved using external calibration curves (1-1000
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mg/L; R?>0.9995) prepared for ferulic, sinapic, p-coumaric, chlorogenic, and caffeic acids.
The analytical validation parameters are indicated in Table S1. Before analysis, sample
extracts were filtered through 0.22 pm membrane filters and injected at a volume of 10 pL.
All samples were analyzed in triplicate. Data acquisition and analysis were performed
using ChromNAYV 2.0 software. Results were expressed as mg hydroxycinnamic acid per
100 g of dry sample. For NHBSG and HRSF, values were calculated on dry weight basis,
whereas for HLF, results were reported as the amount of hydroxycinnamic acids recov-
ered per 100 g of BSG subjected to enzymatic hydrolysis.

2.3.5. Determination of In Vitro Antioxidant Activity

In vitro antioxidant activity of alkaline HRSF and NHBSG hydrolysates was assessed
using the oxygen radical absorbance capacity (ORAC) assay according to Prior et al. (2005)
[38], with modifications described by Valdenegro et al. (2021) [39]. AAPH was used as the
peroxyl radical generator and fluorescein as the oxidizable probe. Briefly, 25 uL of the
sample diluted in 75 mM phosphate buffer (pH of 7.4) was mixed with 150 uL of fluores-
cein solution in a 96-well microplate. Subsequently, 25 uL of AAPH solution (271.2 g/mol)
was added to initiate the reaction at 37 °C. Fluorescence decay was monitored every mi-
nute for 60 min at 485 nm excitation and 538 nm emission using a Fluoroskan Ascent
Multi-Mode Microplate Reader (Fluoroskan Ascent, Thermo Scientific, Waltham, MA,
USA), with orbital shaking before each reading. Antioxidant capacity was quantified us-
ing the area under the fluorescence decay curve and calculated from a quadratic regres-
sion equation derived from a Trolox standard curve. Results were expressed as pmol
Trolox equivalents (TE) per 100 g on a dry weight basis. All analyses were performed in
triplicate.

2.3.6. Determination of Arabinoxylan Content and Feruloylation Degree

Given the focus of this study on the prebiotic potential of HRSF, both HRSF and its
control, NHBSG, were further characterized by determining the AX content. AX content
was quantified following acid hydrolysis using the orcinol-HCI colorimetric method for
pentoses [40]. Briefly, 20 mg of the dried sample was hydrolyzed with 2 mL of 2 mol/L
trifluoroacetic acid at 105 °C overnight. After cooling to room temperature, the hydroly-
sate was centrifuged (5000% g, 10 min), and the supernatant was collected. An aliquot (2
mL) of the hydrolysate was mixed with 2 mL of orcinol -HCl reagent (0.1% w/v orcinol in
concentrated HCI containing 0.1% w/v ferric chloride). The mixture was heated at 100 °C
for 30 min and cooled to room temperature, and the absorbance was measured at 580 nm
and 670 nm. The absorbance difference (Asn — Asso) was used for quantification. Xylose
was used as the calibration standard (5-200 mg/L). Results were expressed as mg AX per
100 g on a dry weight basis. All analyses were performed in triplicate.

The degree of feruloylation was calculated as the ratio of FA content, determined by
HPLC after alkaline hydrolysis, to AX content and expressed as mg FA/g AX, according
to Carvajal-Millan et al. (2005) [41].

In addition, soluble arabinoxylan-derived carbohydrates in HLF were estimated us-
ing the orcinol-HCI colorimetric assay. Unlike solid fractions, no prior acid hydrolysis
was applied, since the HLF already contains water-soluble carbohydrate species derived
from arabinoxylan degradation. This approach reflects the soluble fraction of hemicellu-
lose-derived carbohydrates released during enzymatic hydrolysis. Results were ex-
pressed as mg AX per 100 g of dry BSG subjected to enzymatic hydrolysis. All analyses
were performed in triplicate.
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2.3.7. Determination of Total and Soluble Polyphenol Content

Total phenolic content (TPC) of HRSF and NHBSG was determined following alka-
line hydrolysis using the Folin—Ciocalteu assay [42]. Briefly, 1 g of sample was subjected
to alkaline hydrolysis as described above. Subsequently, 0.5 mL of appropriately diluted
sample was mixed with 0.25 mL of 50% v/v Folin—Ciocalteu reagent and 3.75 mL of dis-
tilled water. Then, 0.5 mL of 10% w/v sodium carbonate solution was added. The mixture
was incubated in the dark at room temperature for 1 h, and absorbance was measured at
765 nm. Gallic acid was used for calibration (2.5-150 mg/L). Results were expressed as mg
gallic acid equivalents (GAE) per 100 g on a dry weight basis [42]. All analyses were per-
formed in triplicate.

Finally, in addition to the determination of total phenolic compounds, including FA,
in alkaline HRSF and NHBSG hydrolysates, soluble (non-covalently bound) phenolic
compounds were also determined in hydroalcoholic extracts of these samples. Soluble
phenolic compounds were extracted from 1 g of sample using 20 mL of 80% v/v ethanol
for 1 h at 60 °C and 120 rpm, followed by centrifugation (5000x g, 10 min). TPC and FA in
the hydroalcoholic extracts were quantified following the same procedures described
above for the alkaline hydrolysates. All analyses were performed in triplicate.

2.4. In Vitro Gastrointestinal Digestion

In vitro gastrointestinal digestion was performed using the standardized INFOGEST
protocol described by Minekus et al. (2014) [43], with minor modifications. These modifi-
cations, including enzyme activities and post-digestion dialysis conditions, were applied
as described in Silva et al. (2025) [44]. Briefly, 10 g of BSG solid samples (HRSF and
NHBSG) were subjected to simulated oral, gastric, and intestinal phases using specific
digestive fluids and enzymes (a-amylase, 75 U/mL; pepsin, 2000 U/mL; pancreatin, 100
U/mL). The pH of each phase was adjusted using 6 mol/L HCI or 5 mol/L. NaOH. Diges-
tion was carried out at 37 °C in a shaking incubator (SP-222, SPLABOR, Sao Paulo, Brazil)
to mimic peristaltic movements. After digestion, samples were subjected to a dialysis step
using regenerated cellulose membranes (1 kDa cutoff; Spectra/Por 6, Spectrum Europe
B.V., Breda, The Netherlands). Membranes were immersed in 0.01 mol/L. NaCl and incu-
bated at 5 + 0.5 °C for 18 h. This step was implemented to operationally separate low-
molecular-weight, dialyzable compounds—representing the fraction potentially available
for passive intestinal diffusion —from the high-molecular-weight, non-dialyzable fraction,
which was subsequently used as substrate for in vitro colonic fermentation. This approach
has been previously applied in in vitro digestion systems to approximate intestinal bioac-
cessibility and passive diffusion of phenolic compounds [44]. Importantly, the dialysis
step does not aim to fully reproduce in vivo intestinal absorption, but rather to provide a
functional partition between potentially bioaccessible and non-bioaccessible fractions.
While it is acknowledged that the removal of low-molecular-weight compounds may re-
duce the pool of substrates potentially available for colonic fermentation in vivo, this
methodological step is inherent to coupled digestion—fermentation models that seek to
differentiate systemic bioaccessibility from colonic substrate availability [44]. Therefore,
the non-dialyzable fraction is interpreted as the fraction remaining after simulated intes-
tinal passage under the applied in vitro conditions. The resulting materials were stored at
5+ 0.5 °C until further use [45]. The same procedure was applied to an FA solution (0.01
g/L), following Lu et al. (2024) [46], and the resulting system was used as a control for
feruloylated samples in the in vitro colonic fermentation assay. Two biological replicates
were performed for each sample.
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2.5. Preparation of Human Fecal Inoculum

The in vitro colonic fermentation procedure was conducted after approval by an Eth-
ics Committee on Research with Human Subjects (Health Science Center, Federal Univer-
sity of Paraiba, Joao Pessoa, PB, Brazil; protocol number 6,259,560, CAAE:
71081023.1.0000.5188) due to the use of human feces. Before participating in the research,
fecal donors signed an Informed Consent Form (ICF), consenting to the use of their mate-
rial in the experiment. Eight healthy adult volunteers (four men and four women, aged
20-39 years) donated fresh fecal samples. Donors reported no history of colonic diseases,
omnivorous diet, and no use of concentrated probiotic and prebiotic foods, antibiotics, or
medications in the past six months.

The fecal samples from each donor were collected in sterile tubes and placed in an
anaerobic jar with an anaerobic generation system (AnaeroGen, Basingstoke, UK). Fresh
samples, used 3 h after collection, were mixed in equal amounts (1:1:1:1:1:1:1:1, w/w), di-
luted (1:10 w/v), and homogenized (200 rpm, 2 min) in sterile phosphate-buffered saline
(0.1 mol/L PBS; pH of 7.4). The mixture was filtered through a sterile triple-layer gauze
and stored with 20% v/v of glycerol at =20 °C. The use of a pooled fecal inoculum enabled
the comparison of the hydrolyzed (HRSF) and non-hydrolyzed (NHBSG) brewer’s spent
grain samples while minimizing inter-individual variability. Although this approach
masks donor-specific microbial responses, it provides a more representative assessment
of the effects of the fermentable substrates on potential gut microbiota modulation by re-
ducing the influence of individual microbiota composition [47].

2.6. In Vitro Colonic Fermentation System

The in vitro colonic fermentation system consisted of 40% v/v culture medium con-
taining 4.5 g NaCl, 4.5 g KCI, 1.5 g NaHCOs, 0.69 g MgSOs, 0.8 g L-cysteine, 0.5 g KH2POs4,
0.4 g bile salts, 0.08 g CaClz, 0.005 g FeSO4, 1 mL Tween 80, and 4 mL resazurin solution
(0.25 g/L), combined with 40% v/v fecal inoculum and 20% w/v dialyzed samples obtained
from complete in vitro gastrointestinal digestion. Fermentation controls were prepared,
according to Albuquerque et al. (2021) [45] and Stewart et al. (2008) [48], using the same
system described above, in which the 20% w/v dialyzed samples were replaced with fruc-
tooligosaccharides at 10 g/L (FOS, positive control) or water (NC, negative control without
fermentable substrate), according to Silva et al. (2025) [44]. The fermentation system was
adjusted to a pH of 6.8 using 1 mol/L. NaOH to simulate colonic conditions. Fermentation
was carried out at 37 =+ 1 °C for 48 h under anaerobic conditions using an AnaeroGen
system. Two biological replicates were performed for each sample.

2.7. Determination of Intestinal Microbial Metabolic Activity During In Vitro
Colonic Fermentation

The metabolic activity of intestinal microorganisms present in the fermentation me-
dia was evaluated at 0, 24, and 48 h of in vitro colonic fermentation. For this purpose, the
levels of short-chain fatty acids (SCFAs) (propionic, acetic, and butyric acid) and organic
acids (citric, tartaric, malic, succinic, and lactic acid) were quantified by HPLC. The anal-
ysis was performed with an Agilent chromatograph (model 1260 Infinity LC, Agilent
Technologies, St. Clara, CA, USA) with a quaternary solvent pump (G1311Cmodel), de-
gasser, thermostatic column compartment (G1316A model), and automatic auto-sampler
(G1329B model), coupled with a diode array detector (DAD) (DEGEB00715 model) and
refractive index detector (RID) (G1362A model). Analytical conditions were an Agilent
Hi-Plex H column (7.7 mm x 300 mm, 8 p), a mobile phase of 0.009 mol/L H2SO4 in ul-
trapure water, and a flow rate of 0.6 mL/min. Data was processed with OpenLAB CDS
ChemStation Edition software (Agilent Technologies). HPLC sample peaks were identi-
fied by comparing their retention times with those of organic acid standards (Sigma-Al-
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drich). Average peak areas were used for quantification [45]. Results were expressed as
individual SCFA concentrations and net concentration changes over time. Net concentra-
tion changes were calculated as the mean concentration change relative to To (A concen-
tration = concentration_t — concentration_To) for each fermentation substrate x SCFA com-
bination at 24 h and 48 h. All analyses were performed in duplicate biological replicates,
each measured in two to three technical replicates.

2.8. Determination of the Relative Abundance of Intestinal Bacterial Groups During In Vitro
Colonic Fermentation

The relative abundance of selected human intestinal bacterial groups was deter-
mined at 0, 24, and 48 h of in vitro colonic fermentation system using the fluorescence in
situ hybridization (FISH) method with oligonucleotide probes targeting specific regions
of the 165 rRNA gene, coupled with flow cytometry (FC). A total of eleven group-specific
probes were used: Lab158 (Lactobacillus spp./Enterococcus spp.), Bif164 (Bifidobacterium
spp.), Rfla729 (Ruminococcus albus/R. flavefaciens), Mucl1437 (Akkermansia muciniphila),
Erec482 (Eubacterium rectale/Clostridium coccoides), Rint623 (Roseburia intestinalis/R.
cecicola), Fpra655 (Faecalibacterium prausnitzii A2-165 and L2-6), Bac303 (Bacteroides
spp./Prevotella spp.), Chis150 (Clostridium histolyticum), Ent183 (Enterobacteriaceae), and
FusAll307 (Fusobacterium spp.). The total bacterial population was quantified using SYBR
Green staining. At 0, 24, and 48 h of fermentation, 1.5 mL aliquots were collected from
each fermentation vessel, fixed overnight in 4% v/v paraformaldehyde at 4 + 0.5 °C, and
subsequently hybridized with the respective fluorescent probes according to the protocol
described by Albuquerque et al. (2021) [45]. Enumeration of hybridized cells was per-
formed using a BD Accuri C6 flow cytometer (BD Biosciences, East Rutherford, NJ, USA)
equipped with a 488 nm blue solid-state laser. Fluorescence signals from individual cells
were recorded as cytograms using BD Accuri C6 software (BD Biosciences). Each fermen-
tation condition was analyzed in biological duplicate (n = 2). Results were calculated as
the relative abundance (RA%) of cells hybridized with each specific probe group relative
to the total bacterial population stained with SYBR Green [49] and expressed as composi-
tional percentages by normalizing each group’s RA% to the sum of all eleven probe-posi-
tive fractions, thereby reflecting shifts in community composition independently of total
bacterial density. Additionally, data were expressed as fold change (FC) in RA at 24 and
48 h relative to baseline (0 h) values, calculated per replicate as log2 FC (RA 24 h/% RA 0
h) and log2 FC (% RA 48 h/% RA 0 h). All metrics were summarized as the mean and
range of the two replicates. No inferential statistical tests were applied owing to the ab-
sence of triplication.

2.9. Statistical Analysis and Data Visualization

All experiments were performed in biological duplicate (independent experiments),
and each measurement was conducted in triplicate (technical replicates). For each biolog-
ical replicate, data was expressed as the mean + standard deviation of the technical repli-
cates (n = 3).

For chemical data, statistical analyses were performed using Student’s ¢-test or one-
way analysis of variance (ANOVA), followed by Tukey’s post hoc test. For fermentation
data, statistical analyses were performed using the Kruskal-Wallis test, followed by
Dunn’s multiple-comparison post hoc test with Benjamini-Hochberg (BH) correction. Dif-
ferences were considered statistically significant at p <0.05.

Data analysis and visualization were performed using JASP (v0.19.7; JASP Team,
2026) and R (v4.6.0; R Core Team, 2026 [50]). The following R packages were used: dplyr,
ggalluvial, rstatix, ggplot2, patchwork, cowplot, multcompView, and openxlsx.
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3. Results and Discussion
3.1. Chemical and Structural Characterization of BSG Samples

The proximate analysis showed that the NHBSG used in this study contained 19.68
g/100 g available carbohydrates and a high total dietary fiber (TDF) content (48.67 g/100
g), mainly insoluble dietary fiber (IDF, 46.08 + 0.00 g/100 g) (Table 1), exhibiting the typical
chemical characteristics generally reported for this agro-industrial residue [7]. Following
enzymatic hydrolysis with commercial 3-glucanase, HRSF was predominantly composed
of dietary fiber, proteins, and total carbohydrates, comparable to NHBSG. However,
HRSF showed lower protein (18.37 £ 0.14 g/100 g vs. 19.85 + 0.23 g/100 g), IDF (41.71 £ 0.00
g/100 g vs. 46.08 £ 0.00 g/100 g), and SDF (1.66 + 0.00 vs. 2.59 + 0.00 g/100 g) contents than
NHBSG, while total carbohydrates were higher (11.98 + 0.13 g/100 g vs. 7.91 + 0.10 g/100
g). In the case of HLF, solubilization of carbohydrates (0.50 + 0.08 g/100 g) and fiber (0.71
g/100 g TDF) was observed. Also, 0.20 + 0.01 g/100 g of ether extract and 0.14 + 0.01 g/100
g of protein were observed. Overall, these results indicate that enzymatic hydrolysis par-
tially solubilized carbohydrates while retaining most of the dietary fiber in the residual
solid fraction.

Regarding hydroxycinnamic acid content, HRSF and NHBSG showed similar levels
of FA (180.84 + 3.28 vs. 179.59 + 3.30 mg/100 g), sinapic acid (498.29 + 16.32 vs. 472.83 *
54.78 mg/100 g), and p-coumaric acid (3.53 + 0.14 vs. 2.88 + 0.60 mg/100 g). For their part,
in HLF were recovered 43.95 + 2.22 mg of FA and 1.57 + 1.28 mg of sinapic acid per 100 g
of BSG subjected to enzymatic hydrolysis. Neither chlorogenic acid nor caffeic acid was
detected in any BSG fraction (Table S2). It is worth noting that the FA content determined
in NHBSG by alkaline hydrolysis is consistent with values previously reported in other
studies, ranging from 46 to 291 mg/100 g [2,8,20,51,52]. On the other hand, the FA content
determined in HLF is consistent with the expected yields obtained after carbohydrate hy-
drolase treatments [30,31], since these enzymes hydrolyze p-glucans and hemicellulose,
exposing the fiber matrix without fully releasing the total FA content [2]. Consequently,
one of the advantages of partial FA solubilization after enzymatic processing is the pro-
duction of an HRSF with potential bioactive properties that, together with its high dietary
fiber content, may exert a potential prebiotic effect following colonic fermentation [53].

Table 1. Chemical composition of the hydrolyzed fractions of brewer’s spent grain.

Parameter HRSF [g/100 g] HLF [g/100 gl NHBSG [g/100 gl
Moisture 3.91+0.04 97.90 £ 0.01 3.09+0.05
Ash 2.90 £ 0.04 0.07 £0.01 2.73 £0.02
Ether extract 6.18 +0.00 0.20+0.01 5.98 + 0.04
Protein 18.37 £ 0.14 0.14 +0.01 19.85+0.23
Total dietary fiber 43.37 0.71 48.67
Insoluble fiber 41.71 +<0.01 0.29 + 0.00 46.08 +0.00
Soluble fiber 1.66 + 0.00 0.42 +0.00 2.59 +0.00
Arabinoxylans 14.08 +£0.19 2.60+0.19 10.48 £1.31
Available carbohydrates 25.27 0.98 19.68
Total sugars 11.98 +0.13 0.50 + 0.08 7.91+0.10

HRSF, hydrolyzed residual solid fraction; HLF, hydrolyzed liquid fraction; NHBSG, non-hydro-
lyzed brewer’s spent grain. Values were expressed as mean + standard deviation (1 = 3). Available
carbohydrates were calculated by difference. Total dietary fiber was calculated as the sum of insol-

uble and soluble dietary fiber.

Regarding the presence of AX and their relationship with phenolic compounds, es-
pecially FA, HRSF showed a significantly higher AX content than NHBSG fraction
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(14,084.81 + 185.72 vs. 10,482.62 = 1306.51 mg/100 g, respectively), corresponding to a
34.36% increase (Figure 1). This apparent increase in the relative AX content of HRSF after
enzymatic treatment results from the preferential removal of other cell wall components
rather than an increase in the absolute amount of AX. Enzymatic hydrolysis of the ligno-
cellulosic matrix released soluble compounds into HLF, including proteins, lipids, and
dietary fiber (Table 1). Although approximately 24% of the AX initially present in NHBSG
was solubilized, the total dietary fiber loss reached nearly 59%, indicating that non-AX
fiber components, particularly insoluble fiber, were removed to a greater extent. Conse-
quently, the HRSF contained a lower proportion of other fiber components of total dietary
fiber than NHBSG, but a higher proportion of AX within the remaining fiber fraction. Alt-
hough HRSF exhibited a higher relative AX content than NHBSG, as mentioned above,
both fractions exhibited similar FA contents (180.84 + 3.28 vs. 179.59 + 3.30 mg/100 g) (Ta-
ble 52). This result implies a significant decrease in the degree of fiber feruloylation
(FA/AX) in the hydrolyzed solid, from 17.51 £ 0.32 to 12.84 + 0.23 mg FA/g AX, suggesting
that enzymatic hydrolysis promoted the partial release of FA into the liquid fraction
through the cleavage of ester bonds linking FA to AX. In cereals, the degree of AX feru-
loylation is associated with fiber structural rigidity and solubility; therefore, its decrease
suggests structural modifications within the hemicellulose matrix, reducing phenolic
crosslinking [41,54] and potentially affecting both digestibility and fermentability [55]. In
this context, AX present in the residual solid fraction may become more accessible to fer-
mentation by the gut microbiota [56,57].

Additionally, the total (matrix-associated) and soluble (non-covalently bound) con-
tents of TPC and FA in HRSF were determined and compared with those in NHBSG. The
HRSF contained a total of 2581.96 + 70.63 mg/100 g of matrix-associated polyphenols, of
which 267.73 £ 12.80 mg/100 g were present in the soluble fraction (10.37%). This indicates
that only a limited proportion of phenolic compounds are weakly associated with the cell
wall matrix after hydrolysis, whereas most remain structurally bound, likely through es-
ter linkages to polysaccharides such as AX, thereby limiting their accessibility to the gut
microbiota in the absence of prior chemical, enzymatic, or microbial degradation [58—60].
NHBSG exhibited a limited soluble TPC fraction, corresponding to 10.90% of total TPC.
However, although enzymatic hydrolysis did not change the total FA content signifi-
cantly, as was also observed for TPC, the soluble FA fraction showed an upward trend in
HRSF compared with NHBSG. This finding suggests structural modifications in the hem-
icellulosic matrix induced by enzymatic hydrolysis, potentially improving microbial ac-
cessibility to feruloylated AX and colonic fermentability [23,55].

The accessibility of AX and phenolic compounds in lignocellulosic matrices is closely
associated with their antioxidant capacity [61,62]. Therefore, the ORAC antioxidant activ-
ity of HRSF and NHBSG was compared, revealing that HRSF exhibited significantly
higher antioxidant activity than NHBSG (64,825.35 + 4011.24 vs. 45,352.96 + 10,588.50 umol
TE/100 g, respectively; p = 0.041). The greater antioxidant capacity observed in HRSF may
indicate increased structural accessibility in BSG after enzymatic hydrolysis. Enzymatic
treatments applied to BSG have been associated with enhanced antioxidant activity due
to the disruption of the plant cell wall and the release of bioactive compounds covalently
bound to the matrix and/or physically trapped within its porous structure [63-65].

Structural modifications in HRSF compared to NHBSG were evaluated by SEM and
TGA/DTG (Figure 2). NHBSG exhibited a relatively continuous and compact surface mor-
phology, with filamentous microfibrillar structures and irregular granular aggregates,
similar to those previously described by Outeirifio et al. (2019) [66]. In contrast, HRSF
showed an eroded and irregular outer surface, increased porosity, cavity formation, par-
tial detachment of structural layers, and a reduced abundance of granular aggregates (Fig-
ure 2A). Similar morphological alterations have been previously reported in cereal matri-
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ces subjected to enzymatic treatments, where degradation of the polymeric network leads
to increased surface disruption and porosity [23,67,68]. These observations indicate
greater disruption of the plant cell wall matrix following enzymatic hydrolysis, likely as-
sociated with the partial removal of hemicellulosic polysaccharides, thereby increasing
exposure of the residual lignocellulosic fiber network and enhancing structural accessibil-
ity.

TG/DTG analysis revealed that the overall thermal stability of HRSF did not differ
significantly from that of NHBSG (mean DTG, p = 0.97). However, differences were ob-
served in the shape and distribution of thermal degradation profiles, with HRSF exhibit-
ing faster thermal degradation and a higher maximum mass-loss rate (Figure 2B). Both
samples displayed the typical lignocellulosic degradation pattern in DTG curves, includ-
ing an initial dehydration stage followed by the main pyrolytic decomposition region be-
tween 200 and 500 °C [32,69,70]. Nevertheless, HRSF exhibited a more pronounced DTG
peak in the hemicellulose-associated region around 280-320 °C, with higher intensity, a
narrower profile, and a slight shift toward higher temperatures than NHBSG. These
changes suggest enhanced thermal accessibility and possible structural reorganization of
the remaining polysaccharide matrix in HRSF. In addition, within the lignin-associated
region (>400 °C), HRSF exhibited a less pronounced degradation transition than NHBSG,
which maintained a broader degradation profile with a more evident shoulder or second-
ary peak around 480-560 °C. These results suggest that NHBSG has a more preserved
lignocellulosic structure, possibly due to stronger lignin—-hemicellulose interactions. In
contrast, HRSF presented a more disrupted polymeric network with lower resistance to
thermal decomposition. Similar structural destabilization and increased exposure of the
cellulosic fraction following partial hemicellulose removal have also been reported in
chemically treated BSG matrices [23]. Overall, these findings are consistent with the SEM
observations showing increased porosity and disruption of the plant cell wall structure in
HRSEF, likely associated with partial removal of hemicellulosic polysaccharides and subtle
reorganization of the lignocellulosic matrix.
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Figure 1. Arabinoxylan (AX), total phenolics (TPC), ferulic acid (FA), and feruloylation degree
(FA/AX) in brewer’s spent grain solid samples. (A) AX. (B) TPC. (C) FA. (D) FA/AX. HRSF, hydro-
lyzed residual solid fraction; NHBSG, non-hydrolyzed brewer’s spent grain; ND, not detected. Val-
ues were expressed as mean + standard deviation (n = 3). Different letters indicate significant differ-
ences according to one-way ANOVA followed by Tukey’s test (p < 0.05). For TPC and FA content,
different sets of letters (a—b and x—y) denote significant differences within the total and soluble frac-

tions, respectively.
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Figure 2. Structural modifications in brewer’s spent grain solid samples. (A) SEM micrographs of
the hydrolyzed residual solid fraction (HRSF) and non-hydrolyzed brewer’s spent grain (NHBSG)
at magnifications ranging from 200x to 5000%. Colored arrows indicate distinct surface features of
BSG: red, pores; light blue, filamentous microfibrillar structures; yellow, irregular aggregates. (B)
Thermogravimetric (TG, solid lines) and derivative thermogravimetric (DTG, dotted lines) curves
of NHBSG and HRSF. DTG curves show the temperature-dependent mass loss rate, highlighting

the main degradation stages of lignocellulosic components and residual carbonaceous material.

3.2. SCFA Production During In Vitro Colonic Fermentation

BSG solid samples (HRSF and NHBSG) were subjected to in vitro gastrointestinal
digestion (INFOGEST) alongside a 0.01 g/L FA solution as pure FA control and then incu-
bated in an in vitro colonic fermentation system with FOS and NC as positive and negative
controls, respectively. SCFA concentrations and pH were measured at baseline, 24 h, and
48 h, revealing time-dependent fermentation profiles (Figure 3A).
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HRSF fermentation showed decreased acetic acid (37.33% reduction to 1.83 + 0.72
mM), slightly increased propionic acid (0.54+0.11 to 1.11 + 0.41 mM), and elevated butyric
acid (22.6-fold increase to 3.17 + 1.44 mM at 48 h). NHBSG maintained stable acetic acid
levels (1.29 + 0.89 mM), slightly increased propionic acid (0.43 + 0.15 to 0.70 + 0.20 mM),
and elevated butyric acid (25.3-fold increase to 3.04 + 1.35 mM), consistent with previous
BSG fermentation studies reporting SCFA concentrations ranging from 3 to 20 mM
[13,25,71]. Pure FA control demonstrated decreased acetic acid (40.9% to 1.62 + 0.14 mM),
increased propionic acid (0.37 £ 0.03 to 0.79 + 0.04 mM), and elevated butyric acid (21.8-
fold increase to 2.61 = 0.59 mM). FOS fermentation showed acetic acid increases (9.4-fold
to 6.68 + 0.63 mM) with propionic and butyric acids remaining below 1 mM, while
uniquely producing lactic acid (122-fold increase to 7.32 + 1.26 mM). NC showed only
moderate increases across all SCFAs, reaching maximum concentrations of ~1.7 mM.

Distinct SCFA distributions were observed after 48 h of fermentation depending on
the substrate. HRSF, NHBSG, and the pure FA control exhibited fermentation profiles
characterized by substantial butyrate accumulation, whereas FOS fermentation was char-
acterized primarily by acetate and lactate accumulation. Collectively, these observations
suggest that the feruloylated substrates were associated with a butyrate-oriented fermen-
tation pattern under the conditions evaluated.

The substrate-dependent fermentation patterns are further illustrated in Figure 3B,
which presents the net production (positive values) or consumption (negative values) of
each organic acid as the change in concentration relative to baseline (A conc relative to To)
throughout fermentation. The acetate- and lactate-oriented profile observed for FOS was
consistent with the metabolite distributions shown in Figure 3A. In contrast, the feruloy-
lated substrates (HRSF, NHBSG, and the pure FA control) exhibited progressive net bu-
tyrate accumulation throughout fermentation, particularly after 48 h of incubation.
Among these substrates, HRSF displayed the largest net increase in butyric acid concen-
tration at the end of the fermentation period.

The butyric acid accumulation observed in the present study is consistent with pre-
vious reports identifying cereals as substrates that promote butyrogenic fermentation by
the gut microbiota [72]. Recent in vitro studies have demonstrated enhanced butyrate pro-
duction during the fermentation of barley [73,74], wheat-quinoa mixtures [75], and oat-
based substrates [76], among others. Similarly, cereal-derived AX from rice [55], maize
[55], wheat bran [56], and wheat-derived AX [77] have also been shown to enhance butyr-
ate production during in vitro colonic fermentation. Furthermore, studies on feruloylated
arabinoxylan-derived oligosaccharides (AXOSs) have reported enhanced butyric acid
production during colonic fermentation [78,79], suggesting that both polysaccharide
structure and degree of feruloylation may influence microbial fermentation patterns. In
the present study, HRSF displayed the largest net increase in butyric acid concentration
and exhibited a lower degree of feruloylation than NHBSG (Figure 1B). Although the
mechanisms underlying this observation remain to be elucidated, a lower degree of feru-
loylation could increase the accessibility of the AX backbone to xylanolytic enzymes pro-
duced by the gut microbiota, thereby facilitating substrate degradation and subsequent
butyrate formation [78]. Collectively, these findings support previous evidence that ce-
real-processing by-products promote butyrogenic fermentation in vitro and further sug-
gest that structural features of AX, particularly the degree of feruloylation, may be an im-
portant determinant of their butyrogenic potential.
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Figure 3. Individual short-chain fatty acid (SCFA) profiles after in vitro colonic fermentation of
brewer’s spent grain solid samples. (A) Temporal dynamics of SCFA and lactic acid concentrations

across fermentation substrates. (B) Heatmap showing the mean concentration change relative to To

(A concentration = concentration_t — concentration_To) for each substrate x compound combination

at 24 h (left) and 48 h (right). Positive values (red) indicate net production, whereas negative values
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(blue) indicate net consumption relative to the initial concentration. HRSF, hydrolyzed residual
solid fraction; NHBSG, non-hydrolyzed brewer’s spent grain; FA, ferulic acid; FOS, fructooligosac-
charides; NC, negative control. Values are expressed as mean * standard deviation (1 = 2 biological
replicates). Letters indicate significant differences among time points within each substrate accord-
ing to one-way ANOVA followed by Dunn’s post hoc test with compact letter display (CLD) and
Benjamini-Hochberg correction (p < 0.05). Gray cells indicate compounds not detected at TO, for

which A concentration could not be calculated.

3.3. Modulation of the Human Gut Microbiota Composition During In Vitro
Colonic Fermentation

The composition of targeted gut bacterial groups during fermentation of BSG solid
substrates showed temporal modulation at 24 and 48 h (Figure 4A). Overall, these samples
exhibited dynamic shifts in the relative composition of the eleven bacterial groups evalu-
ated over time. However, the changes observed in HRSF were more pronounced, showing
higher relative abundances of bacterial groups commonly regarded as relevant bi-
omarkers of prebiotic activity, such as Lactobacillus and Bifidobacterium, which were also
prominently represented during FA fermentation. Notably, potentially undesirable
groups, including the C. histolyticum group, Enterobacteriaceae, and Fusobacterium, were un-
derrepresented in HRSF and FA fermentations. In addition, a greater relative abundance
of A. muciniphila and Bacteroides was observed in HRSF and NHBSG compared to the other
substrates (Figure 4A).

In previously reported in vitro colonic fermentation systems, BSG has shown high
fermentability, primarily due to its high dietary fiber content, particularly AX [71]. Several
studies have demonstrated that the AX fermentation by the gut microbiota promotes a
positive modulation of the microbial community, enhancing the growth of beneficial bac-
teria such as Lactobacillus and Bifidobacterium [12,25,71,80,81], which are primarily in-
volved in the saccharolytic fermentation of non-digestible carbohydrates. The increase in
Bifidobacterium has been consistently reported during in vitro colonic fermentation of AX
and AXOS obtained from this agro-industrial residue [12-14,81,82]. This genus can cleave
the structures of both AX [83] and AXOS [84]. In addition, AX extracted from BSG and
other cereals has been shown to promote the growth of genera such as Bacteroides and
Prevotella [13,82,85-88], which exhibit well-established xylanolytic capabilities and play a
key role in the primary degradation of complex polysaccharides [89]. Regarding A. mu-
ciniphila, it is recognized as a beneficial gut bacterium due to its role in mucin degradation,
preservation of intestinal barrier integrity, and modulation of host immune responses.
Although high-fiber diets have been associated with increased Akkermansia abundance
[90-92], its response is not typically dominant in lignocellulosic substrates. Nevertheless,
its increase has been reported in BSG fermentations [81], and in fermentations of AX de-
rived from this by-product [12] and feruloylated AX [93,94], suggesting that its enrich-
ment may reflect indirect ecological shifts as a product of bacterial community modula-
tion.

To better characterize substrate-dependent microbial modulation, temporal changes
in bacterial relative abundance were further expressed as log2 fold change relative to base-
line. This analysis enabled a more detailed assessment of bacterial groups selectively en-
riched or reduced during fermentation (Figure 4B). Overall, HRSF showed the strongest
microbiota-modulating effect among the evaluated substrates. At 48 h, the HRSF induced
marked increases in groups known for their butyrogenic capacity, such as F. prausnitzii
(+5.90) and E. rectale (+6.88), suggesting fermentation directed towards butyrate produc-
tion. F. prausnitzii is recognized as one of the main butyrate producers in the human colon
[95], and together with Eubacterium, its increase has been consistently reported in fermen-
tations of AX-rich prebiotic fibers derived from cereal by-products. For example, in vitro
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fermentation of BSG induced a delayed increase in Eubacterium and Faecalibacterium,
which was strongly correlated with butyrate production [81]. Similarly, fermentation of
wheat bran-derived AX selectively promoted the growth of Faecalibacterium [56]. In agree-
ment with these findings, in vivo studies have also reported an increase in E. rectale fol-
lowing the consumption of AX-rich diets [96]. More broadly, systematic reviews of human
intervention studies have shown that the consumption of whole grains and cereal-derived
fibers—particularly wheat bran, barley, and rye, and to a lesser extent oats, brown rice (or
rice bran), and resistant starch-rich maize —is associated with the enrichment of butyrate-
producing bacterial groups, especially Faecalibacterium, Eubacterium, and Roseburia [97,98].

The same sample, HRSF, also showed increases in Bacteroides (+10.51) and R. albus/R.
flavefaciens (+6.97) at 48 h. Bacteroides is a bacterial group known to be involved in the deg-
radation of feruloylated AX [99]. On the other hand, the R. albus/R. flavefaciens group is
associated with the degradation of structural plant polysaccharides, particularly cellulose
and hemicelluloses, and is considered an important fibrolytic bacterial group during die-
tary fiber fermentation [100].

Notably, the R. albus/R. flavefaciens group also showed a marked increase during FA
fermentation (+5.67 at 48 h), together with increases in Bifidobacterium (+8.47) and R. intes-
tinalis/R. cecicola (+10.19). The genus Roseburia significantly contributes to colonic butyrate
pools through the fermentation of dietary fibers and cross-feeding interactions [101] and
can degrade AX via the activity of xylanases, a-L-arabinofuranosidases, and -xylosidases
[102]. The selective enrichment of Ruminococcus and butyrogenic bacterial groups during
HRSF and FA fermentation suggests that these taxa may be associated with fermentation
processes occurring in the presence of this hydroxycinnamic acid. In this context, although
the prebiotic activity of BSG has mainly been attributed to its AX and feruloylated AX
content, emerging evidence suggests that free FA may also increase the relative abun-
dance of beneficial bacterial groups, including Bacteroides spp. and Lactobacillus spp.
[46,53,103,104].

On the other hand, contrary to HRSF, NHBSG showed more moderate changes with-
out consistently stimulating butyrogenic bacterial groups. As expected, FOS markedly in-
creased the abundance of Lactobacillus (+11.84), while NC showed only minor variations
associated with the basal dynamics of the microbiota.

Overall, FISH-FC results indicate that the HRSF retained structural characteristics
that may enhance microbial accessibility to fermentable polysaccharides, thereby favoring
broader and more functionally relevant microbial modulation compared to NHBSG. The
microbial modulation observed in the residual solid correlated closely with the previously
described SCFA profile, particularly with the increase in butyrate production. The in-
crease in F. prausnitzii and E. rectale, both recognized butyrate-producing bacteria, pro-
vides an ecological basis for explaining the increased levels of this metabolite. In addition,
potential microbiota modulation in HRSF involved the enrichment of fibrolytic bacterial
groups, including Bacteroides and Ruminococcus, which are associated with the degrada-
tion of complex plant polysaccharides. These findings suggest that the structural matrix
of the residual solid, rich in partially feruloylated complex polysaccharides, favors fer-
mentative pathways associated with specialized butyrogenic and fibrolytic bacteria. It is
important to note that the feruloylation of cereal polysaccharides is a key determinant of
fermentability, as it modulates microbial enzymatic accessibility and fermentation kinet-
ics in a structure- and source-dependent manner. Previous studies on cereal polysaccha-
rides have shown that the impact of the degree of feruloylation on microbial accessibility
and fermentability is context-dependent. For instance, deferuloylation of maize AX has
been reported to increase butyrate production compared with native maize AX, an effect
associated with shifts in microbial composition, including changes in the abundance of B.
ovatus and Blautia. In contrast, deferuloylation of rice AX resulted in lower butyrate pro-
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duction than native rice AX, accompanied by a reduction in F. prausnitzii [55]. Furthermore,
the degree of feruloylation in corn bran-derived AX has been shown to directly influence
fermentation properties, including kinetics [105]. The presence of specific esterases in hu-
man gut microbial groups capable of degrading AX, such as Bacteroides, suggests that FA
desesterification can facilitate enzymatic access to complex polysaccharide structures dur-
ing degradation [106]. In this context, FA cross-linking has been shown to reduce the rate
of FA fermentation [105], likely due to structural constraints that limit enzyme accessibil-
ity.

Collectively, these findings reinforce the prebiotic potential of HRSF, particularly its
ability to modulate the gut microbiota toward a more beneficial and butyrogenic micro-
bial profile. This is relevant when considering HRSF as a potential flour with prebiotic
properties that differ from those most reported for BSG, which are predominantly bifi-
dogenic and propionogenic, characterized by increased acetate and propionate produc-
tion with only limited butyrate formation [107,108]. Among the available in vitro fermen-
tation studies on BSG, only a limited number have reported a clear butyrogenic response
[81]. Although the butyrogenic effect observed in this study was moderate, it is biologi-
cally relevant given the central role of butyrate in maintaining intestinal barrier integrity,
modulating immune responses, and supporting colonic health [109]. Emerging evidence
also links butyrate to host metabolic regulation and the gut-brain axis [110]. These results
therefore support the need for in vivo studies to evaluate whether such effects can be
translated into measurable health outcomes in humans. In addition to its prebiotic poten-
tial, BSG exhibits relevant techno-functional properties, including high water-holding and
fat-binding capacities [108]. Accordingly, BSG-derived ingredients have been incorpo-
rated into a wide range of food products, such as bread, cookies, baked snacks, pasta,
noodles, muffins and yogurt, among others [111]. In many applications, BSG enables par-
tial replacement of conventional ingredients while contributing to reductions in fat and
sugar content, supporting the development of healthier formulations [111,112]. From a
biorefinery perspective, this study demonstrates, to the best of our knowledge, for the first
time that the solid fraction remaining after enzymatic hydrolysis of BSG shows a tendency
to promote butyrogenic activity. This highlights a previously unexploited opportunity for
the valorization of this agro-industrial by-product and expands its potential use as a func-
tional food ingredient.
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Figure 4. Relative abundance modulation of targeted human gut bacterial groups during in vitro
colonic fermentation of brewer’s spent grain solid samples. (A) Relative abundance (RA) profile of
the targeted bacterial groups determined by fluorescence in situ hybridization coupled to flow cy-
tometry (FISH-FC) at 0, 24, and 48 h of fermentation, expressed as compositional percentage. (B)
Heatmap of the fold change (FC) in the RA of the different bacterial groups at 24 and 48 h relative
to time O, expressed as log2(FC). HRSF, hydrolyzed residual solid fraction; NHBSG, non-hydrolyzed
brewer’s spent grain; FA, ferulic acid; FOS, fructooligosaccharides; NC, negative control. Bacterial
groups: Lab158 (Lactobacillus/Enterococcus), Bif164 (Bifidobacterium), Rfla729 (R. albus/R. flavefaciens),
Muc1437 (A. muciniphila), Erec482 (E. rectale/C. coccoides), Rint623 (R. intestinalis/R. cecicola), Fpra655
(F. prausnitzii), Bac303 (Bacteroides/Prevotella), Chis150 (C. histolyticum), Ent183 (Enterobacteriaceae),
and FusAll307 (Fusobacterium). Values are expressed as mean (1 = 2).

4. Conclusions

The residual solid obtained after standardized enzymatic treatment of BSG shows
promising prebiotic properties, characterized by a high content of fermentable dietary fi-
ber and hydroxycinnamic acids, particularly ferulic acid, as well as structural modifica-
tions that improve the accessibility of the polysaccharide matrix relative to NHBSG.
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In vitro colonic fermentation of HRSF demonstrated the potential to modulate the
gut microbiota, leading to increased production of SCFAs, especially butyrate, which is
crucial for maintaining intestinal health. This effect was accompanied by an increased
abundance of beneficial butyrate-producing bacteria, including F. prausnitzii and E. rectale.
Additionally, there was a notable rise in other beneficial bacterial groups, such as Bac-
teroides, Lactobacillus, and Bifidobacterium spp., which are known for their roles in promot-
ing gut health and enhancing the fermentation of dietary fibers.

Overall, these findings support the comprehensive valorization of brewer’s spent
grain following biorefinery processes. In addition to generating a liquid fraction rich in
bioactive compounds, the residual solid fraction could be further exploited as a functional
ingredient with microbiota-modulating potential, contributing to a circular-economy
strategy in food technology.

From an application perspective, the enzymatically hydrolyzed residual solid is a
promising fiber-rich ingredient candidate, valued not only for total dietary fiber content
but also for the accessibility and fermentability of specific polysaccharide fractions. Its
arabinoxylan enrichment and improved microbial fermentation outcomes support poten-
tial incorporation into gut health-oriented food matrices, including bakery, cereal, and
nutritional products. Controlled enzymatic processing appears to enhance the physiolog-
ical functionality of agro-industrial by-products by modulating fiber structure and pro-
moting selective microbial responses.

Finally, these findings support the physiological relevance of HRSF fermentation be-
havior and its potential as a prebiotic substrate. Overall, they provide a basis for further
in vitro and in vivo studies and highlight their potential as a functional food ingredient.
Future research should address technological performance, sensory acceptance, dose—re-
sponse relationships, in vivo validation, and interindividual microbiota variability to
guide personalized nutrition applications.
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