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Abstract: The objective of this research was to investigate the feasibility of integrating oat (1→ 3,
1→ 4)-β-D-glucan (β-glucan) dried by two different techniques (freeze drying and spray drying)
into a synbiotic formulation with Akkermansia muciniphila. The study evaluated the impact of this
synbiotic formulation on the growth of A. muciniphila and its effect on the fermentation process. The
extracted oat β-glucans underwent freeze-drying (FD) and spray-drying (SD) processes before being
introduced as supplementary carbon sources (1%) to brain heart infusion (BHI) medium containing
A. muciniphila MSCL 1582. The BHI medium containing inulin, D-glucose, and BHI without added
substrates served as the control. Bacterial growth and short-chain fatty acid (SCFA) production were
measured before and after 72 h of fermentation. A light microscope and KOVA slides were used for the
A. muciniphila count, and SCFA levels were measured via gas chromatography. Our findings revealed
that oat β-glucans could effectively function as prebiotic substrates in complementary synbiotic
composition with A. muciniphila, without inhibiting growth and causing metabolic impairment. Both
FD and SD techniques demonstrated equivalent and favorable impacts on the fermentative capacity
of A. muciniphila, rendering them suitable choices for the drying of β-glucans. Incorporating oat
β-glucan into synbiotic formulations offers potential benefits, contributing to A. muciniphila growth
and the fermentation process.

Keywords: spray drying; freeze drying; oat β-glucan; Akkermansia muciniphila; synbiotic formulation;
fermentation

1. Introduction

The potential to positively impact the composition of gut microbiota in chronic condi-
tions like type 2 diabetes (T2D), obesity, and inflammatory bowel diseases (IBDs) [1–5] is
often attributed to probiotics, which are live microorganisms that, when administered in
adequate amounts, confer a health benefit on the host [6]. Additionally, this potential is
associated with prebiotics, which is a category of nutrients that are metabolized by the gut
microbiota [7], and synbiotics, which are a combination of live microorganisms and specific
substrate(s) selectively utilized by host microorganisms and confer a health benefit on the
host [8]. Synbiotics are classified as either complementary or synergistic formulations [9,10].
Complementary synbiotics combine probiotics and prebiotics, with each component acting
independently. On the other hand, synergistic synbiotics enhance the establishment and/or
survival of companion microbes, resulting in better clinical outcomes compared to using
probiotics or prebiotics alone [11].

This study focuses on oat (1→ 3, 1→ 4)-β-D-glucan (β-glucan), which is a prebiotic
polysaccharide [12], and the feasibility of its use in a synbiotic composition with the
probiotic bacterium Akkermansia muciniphila [13].
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A. muciniphila, known as a new-generation probiotic, is a representative of the Verru-
comicrobiota phylum [13] and resides within the intestinal mucus layer [14]. A decrease in
A. muciniphila abundance in the gastrointestinal tract has been associated with conditions
like type 2 diabetes, obesity, and inflammatory bowel diseases [5,15,16].

A recent study revealed that supplementation of β-glucans from oat bran led to a no-
table increase in the thickness of colonic mucus in mice, while this effect was not observed
with β-glucans from mushrooms and curdlan supplements [17]. Furthermore, the modula-
tion of the intestinal microbiota [18–20] and a rise in the prevalence of A. muciniphila [21,22]
through the utilization of β-glucan have gained considerable attention in both animal
models and clinical investigations.

B-glucan cannot be absorbed in the small intestine due to the lack of enzymes that break
it down. Consequently, it enters the large intestine, where intestinal bacteria facilitate its
degradation through enzymatic processes and short-chain fatty acid (SCFA) production [23].
This β-glucan characteristic renders it suitable for application as a prebiotic [12,24] and
promising option for synbiotic applications.

Considering the positive effects that both β-glucans and A. muciniphila have on their
host, their interactions within a synbiotic composition still pose questions. Structural differ-
ences in oat β-glucan may have an impact on microbiota modulation [25]. Furthermore, the
influence of diverse processing techniques, such as drying, on the prebiotic characteristics
of β-glucans has also not been comprehensively elucidated. The choice of drying method
for extracted β-glucans, whether spray drying (SD) or freeze drying (FD), could affect
their accessibility to microbial enzymes and, as a result, impact their ability to undergo
fermentation. SD and FD are prevalent methods employed for drying β-glucans [26].

An earlier investigation into the drying techniques for yeast β-glucan revealed that FD
caused significant microstructure changes and the agglomeration of β-glucan; in contrast,
SD β-glucan particles showed minimal reaggregation when resuspended in water [27].
Cereal powders comprising 33%, 18%, and 4% (w/w) (1→ 3, 1→ 4)-β-glucan also had
distinct differences in their surface morphology depending both on the drying process (SD
or FD) and the dietary fiber level [28]. FD resulted in powders characterized by a flake-
like matrix structure, without any particle formation. This matrix morphology remained
consistent regardless of the (1 → 3, 1 → 4)-β-glucan content. In contrast, SD produced
powders with morphologies that varied depending on the (1→ 3, 1→ 4)-β-glucan content,
featuring aggregated particles and microspheres [28].

The wet concentration of β-glucan assumes employing technological processes to
remove excess aqueous liquid, typically by evaporating it through SD or FD. Although,
it has been reported that the majority of processing procedures lead to certain levels of
impairment to the structure of cereal β-glucans [29]. For instance, it has bene suggested
that high temperatures can degrade β-glucan to lower molecular weight fragments, change
its water holding capacity, or cause capacity displacement [30], subsequently changing
its rheological behavior and assumingly reducing beneficial effects [31]. Thus, the ap-
parent advantages, such as low-temperature regimes and the excellent preservation of
components, when utilizing FD might not be sufficient enough due to significantly higher
production costs compared to ubiquitously employed SD [28]. As a result, the drying
method might be considered as a factor altering β-properties, influencing its subsequent
utilization characteristics by microorganisms, in particular by A. muciniphila.

The current study discloses the production method of high-purity oat β-glucan and
investigates the influence of the drying method of β-glucan on the A. muciniphila growth
and fermentation process. Furthermore, the study discusses the feasibility of incorporat-
ing oat β-glucan and A. muciniphila into a synbiotic composition. The results contribute
valuable insights into enhancing drying techniques for oat β-glucans, opening avenues for
innovative applications in functional foods and health enhancement.
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2. Materials and Methods
2.1. Extraction and Drying of Oat ß-Glucan

In this study, commercial oat flakes were used with the following composition in
dry matter: protein 17.6 g 100 g−1, fats 5.7 g 100 g−1, fiber 2.13 g 100 g−1, carbohydrates
54.1 g 100 g−1, and β-glucan 4.4 g 100 g−1. The oat flakes were dried at a temperature of
65 ± 2 ◦C in a B5745-5-M incubator (AEG, Germany) for 24 h. Subsequently, the sample of
400 g dried flakes was mixed with 1600 g of 96.4◦ ethanol and reduced in size by stirring
the mixture with the hand mixer Promix (Phillips, Hungary) for 3 min. Ethanol was added
to the mixture to a final ratio of oat flakes to ethanol of 1 to 8 by wt. and stirring was
maintained (15 s for each 10 min) by the hand mixer for 60 min at the temperature of
30 ± 2 ◦C. The resulting mixture was filtered through a 0.2 mm sieve and the retained
material as coarse brans was collected and air dried in an incubator at 65 ± 2 ◦C for 24 h,
cooled to room temperature, and then packed in polypropylene zip-lock silver bags and
stored at room temperature. The aforementioned procedure was repeated until a sufficient
amount of 320 g of dried coarse brans was produced, and then, the coarse brans were
slurried in the aqueous solution of sodium carbonate at a pH of 9.5 at a ratio of 1 to 10 and
continuously stirred for 16 h at 60± 2 ◦C. The slurry was cooled down to room temperature
and adjusted to pH 4.5 by the addition of 2 M HCl while the slurry was continuously
stirred. The resulting mixture was centrifuged at 1800× g for 15 min by a Hereus Multifuge
X3 (Thermo Fisher Scientific, Langenselbold, Germany). The supernatant was adjusted to
pH 7.0 by 2.0 M NaOH, and the enzyme α-amylase (SQzyme HSAL, Suntaq International,
China) was added at the range of 0.01% by volume (prior to being introduced, the enzyme
underwent heat treatment for 10 min at a temperature of 90 ± 2 ◦C to deactivate side
enzymatic activities). Starch hydrolysis was performed at 85 ± 2 ◦C until an insufficient
iodine test result was achieved. The resulting mixture was cooled to a temperature of
65 ± 2 ◦C and then filtered under vacuum through a Celpure P65 filter bed (Sartorius Lab
instruments, Goettingen, DE). The filtered solution was subsequently concentrated four
times using the rotary evaporator RE-2000A (Toption, Xi’an, China) at a temperature of
70 ± 1 ◦C. After concentration, the mixture was cooled down to 5 ± 2 ◦C and precipitated
with ethanol. The ethanol was added at a temperature of −18 ± 2 ◦C to achieve a final
volume corresponding to 25% (w/w), all while continuously stirring. The precipitated
material, primarily composed of β-glucan, was carefully decanted after centrifugation at
2000× g for 10 min and re-suspended in deionized water at a temperature of 40 ± 2 ◦C
to form a mixture containing 0.2% dry solids. The mixture was heated to 80 ± 2 ◦C to
allow for sufficient dissolution of the precipitated material and then cooled to 40 ± 2 ◦C.
Subsequently, the mixture was passed through a 20 kDa flat sheet polyamide ultrafiltration
module based on cassette elements (PA-20, IPOC NAS, Minsk, Belarus). The four-times
concentrated solution was diluted to a 4:1 volume ratio with 40 ± 2 ◦C deionized water,
stirred, and concentrated to a 1/5 volume by the ultrafiltration module. Subsequently,
the concentrated solution was subjected to drying using two methods, freeze and spray
drying. The concentrate was freeze-dried using a FreeZone freeze-dry system (Labconco,
Kansas City, MO, USA) at −51 ± 1 ◦C under a vacuum of 0.065–0.070 mbar for 72 h. The
sample was coded as FD. Alternative drying involved the spray dryer YC-015 (Shanghai
Pilotech Instrument Equipment Co., Shanghai, China) controlling the temperature of the
exhausting gases at 90 ± 1 ◦C. The sample was coded as SD. The dried samples were
packed in polypropylene zip-lock silver bags and stored at a temperature of −18 ± 1 ◦C.

The samples for β-glucans content were analyzed according to the McClear and
Glennie-Holmes [32] method using a Megazyme assay kit (K-BGLU) for mixed-linkage
beta-glucan AOAC 995.16.

The extracted and dried oat β-glucan samples with a concentration of 90% were further
used in the fermentation experiment part of the study.
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2.2. Microorganism Growth and Fermentation Medium

A. muciniphila MSCL 1582 was stored long term in a liquid nitrogen container (−196 ◦C)
and preincubated in brain heart infusion (Neogen, Lab M. UK) agar [33] under anaerobic
conditions (GasPak Anaerobic Pouch, Becton & Dickinson, Sparks, MD, USA) at 37 ± 1 ◦C
for 72 h before the experiment. To each 50 mL bottle, 0.5 mL of A. muciniphila aqueous
suspension was added, yielding approximately 5.5 × 106 CFU mL−1.

The fermentation medium in the 50 mL Simax bottles (Kavalierglass, a.s., Sázava
Czech Republic) contained 37 g L−1 brain heart infusion broth (BHI, Neogen, Lab M.
UK) dissolved in deionized water [33,34]. The prepared liquid fermentation medium was
supplemented with either oat β-glucan 10 g L−1, whose purification and drying methods
are described above, or the controls, inulin (Bio Planet, Poland) 10 g L−1 and D-glucose
10 g L−1. All samples of the fermentation medium were autoclaved at 121 ◦C for 15 min.
Sterile filtered L-cysteine (0.5 g L−1) was added into all samples after sample autoclaving.
The samples were prepared in triplicate.

A. muciniphila was inoculated at 5.5× 106 CFU mL−1 into each sample of fermentation
medium containing oat β-glucans, inulin, glucose, or broth without adding any additional
carbon sources. The liquid growth media containing the A. muciniphila strain were incu-
bated in a thermostat at 37 ± 1 ◦C. In vitro fermentation of all samples was carried out for
72 h under anaerobic conditions. The cultures were sampled at 0 and 72 h for metabolite
analysis. After the 72 h incubation period, the triplicates of each sample were transferred
to Eppendorf centrifuge tubes and centrifuged at 1100× g for 10 min (Sigma 1-14, Sigma
Laborzentrifugen GmbH, Osterode am Harz, Germany). Approximately 0.5 mL of the
supernatant was taken, and the triplicates of each sample were stored at −18 ◦C until the
chromatography analysis.

2.3. Determination of A. muciniphila Count Using a Light Microscope and KOVA Slide

Since the viscosity of β-glucans does not allow one to determine the optical density of
bacterial growth in the medium, microscopy on KOVA Glasstic slides (KOVA® Glasstic®

Slide 10 with grids, Kova International, Inc., Garden Grove, CA, USA) was used to quantify
it. This method is quite widely used because it greatly facilitates cell counting [35–37].
Bacterial counts were performed before and after 72 h of incubation.

To determine the number of cells in the bacterial suspension, 6.6 µL of the sample was
injected into the separate wells of the KOVA slide and analyzed with a microscope (Leica
BM E; Leica Microsystems CMS GmbH, Wetzlar„ Germany) at 600x magnification. The
number of cells per µL was determined according to the manufacturer’s instructions. The
experiments were repeated three times, with each measurement performed in triplicate.

2.4. Quantitative Determination of Short-Chain Fatty Acids

Acetic, butyric, and propionic acid concentrations were determined by gas chromatog-
raphy (Agilent 7820A) with the flame ionization detection (GC-FID) method [38,39].

The samples for analysis were centrifuged at 1750× g for 4 min. (Sigma 1-14, Germany),
filtered through a 0.22 µm Nylon pore-size filter (Millipore, Merck KGaA, Darmstadt, Ger-
many), and diluted with purified water. The short-chain fatty acid (SCFA) concentrations
were calculated by substituting the experimentally obtained peak areas into the calibration
curve equation.

The external SCFA standards were acetic acid (CH3COOH), CAS: 64-19-7 (ASC reagent,
>99.5%), propionic acid (CH3CH2COOH), CAS: 79-09-4 (ASC reagent, >99.5%), butyric
acid (C3H7COOH), and CAS: 107-92-6 (ASC reagent, >99.5%), (Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany).

All solvents were of analytical grade. Deionized water (18.2 MΩ) was prepared by a
Milli-Q water purification system from Millipore (Merck KGaA, Darmstadt, Germany).

According to the reflected data, the regression equation of the trend line was calculated.
Standard solutions were injected in triplicate, and the corresponding peak areas were
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recorded. The relative standard deviation between all solutions was determined to be less
than 1.5%.

The calibration curves obtained showed linearity of the determination coefficient
(R2 > 0.99) in the used concentration range (0.01–0.1 mg mL−1).

2.5. Statistical Analysis

The Friedman rank sum test was applied by analyzing the median differences among
the samples and by analyzing the production of SCFAs and using one-way ANOVA for
the microbial population with prior use of the Shapiro–Wilk normality test. Statistical
analysis for bacterial growth and the SCFA-produced amount was conducted in R [40].
The figures and data were processed using different packages [41–44]. RStudio [45] was
used for the integrated development environment for R. A coefficient of determination
quantifying SCFA (R2) was calculated using Microsoft Excel 2018, p < 0.001. Analyses of
SCFA measurements were carried out in triplicate and are expressed as the mean ± SD.

3. Results and Discussion
3.1. Calculation of A. muciniphila Bacterial Populations

Figure 1 illustrates the growth of A. muciniphila in the different samples under ex-
amination. The results collectively imply that both FD and SD β-glucans do not exert
an antagonistic influence on A. muciniphila. Graphical representation of the statistics and
detailed processed data is plotted within Figure 1.
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Figure 1. Quantification of A. muciniphila cells in BHI medium after a 72 h fermentation period.
The culture medium was enriched with supplemental substrates, including FD β-glucan (FD), SD
β-glucan (SD), inulin (IN), D-glucose (GLU), and a control with no added substrates (BHI). The initial
A. muciniphila quantity before fermentation is represented by INOC.

Bacterial growth within the control sample (BHI) exhibited a significantly lower
magnitude (p < 0.001) when compared to the samples enriched with FD and SD β-glucans.
Moreover, this growth discrepancy was similarly pronounced when compared with the
control samples containing inulin (p < 0.001) and D-glucose (p < 0.001). In fact, the results
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show that the inclusion of an additional carbon source appears to exert a beneficial impact
on A. muciniphila growth. This is in line with earlier studies which also indicated that
A. muciniphila can grow on limited sugars and synthetic glucose-based media [40]. The
highest cell number was determined for microorganisms fermenting media containing
inulin which averaged at (2.29 ± 0.78) × 105 bacteria mL−1, while the lowest number
was detected at the range (1.24 ± 0.43) × 105 bacteria mL−1 for the control samples. The
bacterial growth in the samples containing β-glucan dried by spray and freeze dryers was
counted at the rate of (2.18± 0.60)× 105 and (2.20± 0.51)× 105 bacteria mL−1, respectively.

The literature has shown that static cultivation could lead to metabolite accumulation,
inhibiting A. muciniphila growth at concentrations above 80 mMol L−1 [46]. However, our
chromatographic findings suggested that fatty acid production in the chosen substrates did
not reach such levels.

A previous study demonstrated A. muciniphila’s log growth phase at 8–12 h in BHI,
followed by a stable phase at 48 h [47]. In our research, bacterial growth and metabolite
measurements were assessed after a 72 h fermentation period, mirroring a similar approach
taken in another study where A. muciniphila was cultivated in BHI broth for a duration of
72 h [48].

3.2. Quantitative Determination of Propionic Acid

The initial concentration of propionic acid was 2 mg L−1 in the medium of all of the
samples analyzed before commencing the fermentation process. Following a fermentation
period of 72 h, there was a statistically significant difference in the amount of propionic
acid produced across all samples (p < 0.05). The processed statistical data are plotted in
Figure 2.
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Figure 2. Increase in the propionic acid concentration within the BHI medium containing
A. muciniphila after a 72 h fermentation duration. The cultivation media were enriched with sup-
plemental substrates, including FD β-glucan (FD), SD β-glucan (SD), inulin (IN), and D-glucose
(GLU) alongside unaltered broth (BHI). The graph shows only the increase in propionic acid (mg L−1)
throughout the fermentation process, omitting the initial quantity of propionic acid present in the
BHI medium prior to fermentation. Only significant values are represented by the bars.
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The rise in propionic acid levels within the medium, which was enriched with D-
glucose (GLU), exhibited the smallest increment compared to all of the samples. This
increase was notably and significantly less than that observed in the control BHI sam-
ple, whose median was determined to be 1.38 mg L−1, while the mean averaged at
1.42 ± 0.08 mg L−1. The increase in propionic acid in the FD and SD samples averaged at
1.09 ± 0.12 mg L−1 and 1.11 ± 0.61 mg L−1, respectively.

Although the propionic acid growth in the BHI sample exhibited the most elevated
values, surpassing those in the control group containing the prebiotic inulin (IN) with
statistical significance of p < 0.05, it is noteworthy that both FD and SD demonstrated
the subsequent highest propionic acid levels following BHI. No statistically significant
distinctions were observed in the quantities of propionic acid among the BHI, FD, and
SD samples.

Notably, our study employed static fermentation conditions, which might have re-
sulted in lower acid production. Research simulating intestinal motility showed increased
acid production by A. muciniphila during motility [47], implying that optimizing in vitro
culture conditions for A. muciniphila under dynamic digestion models could be a promis-
ing avenue.

Our investigation revealed that during in vitro fermentation carried out in BHI broth
enriched with β-glucans, inulin, and D-glucose, the presence of both FD and SD β-glucans
did not have an adverse impact on the production of propionic acid by the companion
microorganism A. muciniphila. Furthermore, our studied samples contained SD and FD β-
glucans and exhibited a statistically significant higher increase in propionic acid compared
to the sample containing D-glucose. While, at that time, another prebiotic, inulin, did not
show such a positive result.

As summarized above, the chromatographic data elucidate that the presence of
A. muciniphila in the BHI fermentation medium, supplemented by either SD or FD oat
β-glucan, showed positive bacterial metabolic activity, producing propionic acid.

The beneficial effects of propionic acid have been extensively studied. The recent study
showed that propionic acid exhibits anti-inflammatory effects on human subcutaneous
adipose tissue, which is accompanied by the improved expression of parameters associated
with lipogenesis and glucose uptake [49]. Another clinical trial involving individuals with
metabolic syndrome demonstrated that cereal β-glucan functions as a prebiotic, resulting
in the increased presence of beneficial Bifidobacterium spp. and A. muciniphila as well as
higher levels of propionic acid in feces [21,22]. This effect was observed after a four-week
intervention study where the participants consumed 6 g of barley β-glucan within bread.

3.3. Quantitative Determination of Acetic Acid

Figure 3 illustrates the increase in acetic acid in the different samples under examination.
The acetic acid’s initial concentration in the original BHI medium before commencing

the fermentation process was determined to be 159 mg L−1. In the case of FD, the concen-
tration was 152 mg L−1, in IN, it was 158 mg L−1, for GLU, it was 208 mg L−1, and for SD,
it was 154 mg L−1.

Following a fermentation period of 72 h, the increased acetic acid amount was de-
termined to be in the range of 49.25 ± 8.35 mg L−1 for BHI, 39.48 ± 3.22 mg L−1 for FD,
44.23 ± 9.74 mg L−1 for SD, 36.51 ± 1.71 mg L−1 for IN, and 3.13 ± 3.87 mg L−1 for GLU.
Graphical representation of the statistics and detailed processed data is plotted in Figure 3.

The conducted Fisher’s one-way ANOVA showed that there were statistically sig-
nificant differences across the tested samples (p < 0.001). The acetic acid concentration
within the control sample (BHI) exhibited a significantly higher magnitude (p < 0.05) when
compared to the sample enriched with D-glucose. Similarly, the heightened acetic acid
concentration following 72 h of fermentation exhibited a noteworthy increase in the FD
sample compared to GLU (p < 0.05). Statistically insignificant variations were observed in
the acetic acid increase among the remaining samples.
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Figure 3. Increase in the acetic acid concentration within the BHI medium containing A. muciniphila
after a 72 h fermentation duration. The cultivation media were enriched with supplemental substrates,
including FDβ-glucan (FD), SDβ-glucan (SD), inulin (IN), and D-glucose (GLU) alongside unaltered
broth (BHI). The graph shows only the increase in acetic acid (mg L−1) throughout the fermentation
process, omitting the initial quantity of acetic acid present in the growth medium prior to fermentation.
Only significant values are represented by the bars.

The collective results indicate that the fermentation process of A. muciniphila is un-
altered by both FD and SD β-glucans. Our findings demonstrated that the addition of
D-glucose to the BHI medium with A. muciniphila led to a reduced increase in the acetic acid
concentration compared to both the D-glucose-absent BHI medium and the BHI medium
supplemented with FD β-glucans. It is worth noting the fact that the introduced monosac-
charides suppressed the production of acetic acid by A. muciniphila. While the utilization
of β-glucan by A. muciniphila in the fermentation process remains uncertain, we could
speculate that the higher polymerization level of polysaccharides could beneficially affect
the production of acetic acid by A. muciniphila. In addition, an earlier study indicated
that the drying process, in particular FD, did not significantly affect the initial molecular
weight nor solubility of β-glucan, which was derived from native oat bran or oatmeal [50].
However, in a recent investigation, a significant structural difference between oat β-glucan
powders microencapsulated by the different drying methods (freeze and spay drying) was
revealed. The authors highlighted that the SD method had a more favorable impact than
FD due to the increased yield of β-glucan powder and improved the functional proper-
ties related to bioactive compound content [26]. Such an observation might facilitate the
selection of a proper microencapsulation method for β-glucan as the difference between
the investigated samples in terms of producing acetic acid was insignificant. However,
the production of sole SCFA should not be considered as a determining factor. Previous
studies have indicated that A. muciniphila possesses the capacity to synthesize acetic and
propionic acids simultaneously, which were identified as substrates for both the microbiota
and the host organism [49,50]. These compounds take on a crucial regulatory role by
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regulating the modulation of transcription factors, the control of cell cycle dynamics, the
facilitation of lipolytic processes, and the complex regulation of satiety mechanisms [51,52].
In addition, in a recent study conducted on rats, it was observed that A. muciniphila played a
contributory role in ameliorating age-associated ailments, facilitated by both A. muciniphila
and its derived acetic acid [53].

3.4. Quantitative Determination of Butyric Acid

The butyric acid’s starting concentration was 8 mg L−1 in both the original BHI
medium and all of the examined samples before starting the fermentation procedure.

After a fermentation duration of 72 h, a reduction in butyric acid in all of the samples
was observed, with no statistically significant variation among the samples. Despite the
relatively high dispersion, the lowest and highest amounts of the produced butyric acid
were determined in the FD and BHI samples, which averaged at −1.17 ± 0.68 mg L−1 and
−0.70 ± 0.54 mg L−1, respectively. Graphical representation of the statistics and detailed
processed data is plotted in Figure 4.
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Figure 4. Change in butyric acid content after 72 h of fermentation in BHI media with A. muciniphila
depending on the added substrate: FD β-glucan (FD), SD β-glucan (SD), inulin (IN), D-glucose
(GLU), and broth without any added substrate (BHI). The graph shows a decrease in butyric acid
(mg L−1) compared to the original butyric acid amount in the medium before starting fermentation.
Only significant values are represented by the bars.

The decline in butyric acid content within the samples suggests that the semi-starved
condition of A. muciniphila is capable of utilizing butyric acid as a source of energy.

A previous study showed that the concentrations of butyric acid were significantly
lower under in vitro static culture compared to dynamic culture (p < 0.05) [46]. Since our
study used static culture, it is possible that there was no increase in butyric acid.

Further investigations are needed to determine whether A. muciniphila utilizes butyric
acid in semi-starvation conditions. However, it is important to note that the process of
fermentatively breaking down SCFAs like butyric acid presents a significant challenge.
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The conversion of these compounds into acetate, CO2, formate, and hydrogen requires a
substantial amount of energy under normal conditions [54]. The degradation pathways for
butyrate involve oxidation steps with comparatively high redox potentials [54].

4. Conclusions

In conclusion, our study’s findings indicate the feasibility of employing A. muciniphila
in combination with β-glucan within a complementary synergistic composition. Notably,
FD and SD β-glucans exhibit neither antagonistic effect on bacterial growth nor an in-
hibitory influence on the production of propionic and acetic acids.

Our study’s results suggests that FD and SD can potentially serve as protective agents for
A. muciniphila growth and as additional substrates in a complementary synbiotic composition.

Subsequent investigations should incorporate dynamic culture conditions to assess
bacterial metabolic activity, including the efficacy of butyric acid production.

We assume that the incorporation of oat FD and SD β-glucan into complementary
synbiotic formulations alongside A. muciniphila holds promise for several advantageous
outcomes. Primarily, oat β-glucan serves as a fermentable substrate for beneficial gut
bacteria and potentially acts as a protective agent for A. muciniphila. Additionally, the
immunomodulatory properties of oat β-glucan align with the anti-inflammatory properties
of A. muciniphila, suggesting a potential synergy. Nevertheless, the successful integration
of this approach necessitates addressing challenges encompassing formulation stability,
compatibility, and the requisite exploration of optimal dosages and delivery mechanisms.
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