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Abstract: The production of postbiotics for food applications has been growing in recent years
owing to their biological potential and superior technological performance over probiotics. Their
production involves the use of synthetic culture media, and in this work, we propose using sugarcane
straw as a source of sugar and biological components and a sustainable alternative. Thus, this
by-product was used as a substrate to produce a postbiotic extract using Saccharomyces cerevisiae
as a fermentative microorganism. Sugarcane straw underwent a precedent saccharification step
to release the fermentable sugars. The final extracts were characterized for their total content of
sugars, phenolic compounds, organic acids, and their respective chromatographic profiles. Seventeen
different polyphenols were identified with the predominance of three classes, the hydroxybenzoic
acids, hydroxycinnamic acids, and flavonoids, where ferulic acid, 3,4-dihydroxybenzaldehyde, and
2,5-dihydroxybenzoic acid were most prevalent. The current work evaluated the potential use of
this postbiotic extract for food applications, its antioxidant activity, gut microbiota modulatory effect,
and intestinal anti-inflammatory potential. The resultant extracts showed considerable antioxidant
activity and the ability to lower the pro-inflammatory mediators (i.e., interleukin 6, 8, and tumor
necrosis factor-alpha) in Caco-2 cells. During the fecal fermentability assay, no modulatory effect was
observed on the main beneficial bacteria, such as Lactobacillus and Bifidobacterium. Nevertheless, a
significant increase in short-chain fatty acids, namely, acetate, propionate, butyrate, and valerate was
observed. Moreover, the extract also demonstrated capacity to inhibit the proliferation of putrefactive
bacteria such as Enterobacteriaceae. Finally, sustainable postbiotic extracts produced by S. cerevisiae
fermentation using sugarcane straw as a substrate exhibited relevant biological properties with
potential use as food and nutraceutical ingredients.

Keywords: postbiotics; Saccharum officinarum, L.; straw; Saccharomyces cerevisiae; in vitro fermentation;
short-chain fatty acids

1. Introduction

The development of food products and ingredients with the potential to modulate gut
microbiota has been growing in recent years, owing to the overall impact on health. These
products can be prebiotics, probiotics, symbiotics, and more recently, postbiotics [1,2]. Defi-
nitions of these concepts have been published by the International Scientific Association of
Probiotics and Prebiotics (ISAPP). Prebiotics are compounds that are specifically exploited
by microorganisms giving a health advantage, while probiotics are living bacteria that,
when consumed in the right amounts, help the host’s health. A mixture of live microor-
ganisms and substrate(s) that host microorganisms use in a specific way to promote the
host’s health is referred to as a symbiotic connection. Postbiotic extract is a “preparation of
inanimate microorganisms and/or their components that confers a health benefit on the
host” [3,4]. Postbiotics involves not only dead microorganisms, fractions, and lysates that
may include cell wall fractions and exopolysaccharides, but it also involves metabolites such
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as enzymes, short-chain fatty acids (SCFA), peptides, peptidoglycans, teichoic acids, cell
surface proteins, polysaccharides, and organic acids that are produced by living microorgan-
isms that can be excreted and released after cellular lysis [5]. Due to the high heterogeneity
of substances classified as postbiotics, they might have a high diversity of mechanisms of
action. Because of their dose safety, long shelf-life, and their action as signaling molecules,
they exert pharmacological properties such as anti-inflammatory, immunomodulatory,
anti-obesogenic, antihypertensive, hypocholesterolemic, anti-proliferative, and antioxidant
activities [6].

The production of postbiotics has been facilitated by the use of culture media con-
taining synthetic compounds and saccharose, and the most widely used microorganisms
are derived from lactic acid bacteria, specifically from the Lactobacillus genera and/or
yeasts, particularly Saccharomyces cerevisiae [7]. Finding alternative substrate sources that
are plentiful, affordable, and renewable is necessary, though, e.g., the agricultural and
industrial by-products, which represent a significant opportunity to produce postbiotics
rich in other compounds with enhanced bioactivities at reduced costs [7]. Some works
have already reported using by-products as substrates for postbiotic production, such as
cheese whey, milk permeate, and lignocellulosic biomass [8,9]. Recently, it was demon-
strated that the juice from Parmentiera aculeata, a plant that is available in Mexico, increased
synthesis of postbiotics like succinic acid, formic, acetic, propionic, and lactic acids as well
as development of Lactobacillus plantarum [10].

Lignocellulosic biomass has grown in importance within the context of biorefinery,
which aims to effectively use biomass to produce bioproducts with high-added value
with sustainability. The most affordable and copious renewable carbon source currently
accessible is lignocellulosic biomass [11]. Despite the potential that postbiotics have in the
food industry, they may present some issues related to their production costs, hence, they
are less competitive than their counterparts made from plants or chemical compounds.
Using agro-industrial residues, such as sugarcane straw, presents an alternative to achieve
an economical and sustainable process. Sugarcane (Saccharum officinarum L.) is a crop that
produces a higher quantity of by-products discarded after harvesting, including straw
residues [12]. According to estimates, 140 kg of dry straw are produced for every ton of
sugarcane processed [13]. Straw may have two final destinations: it can be used for land
cover or burned to supply energy to industries. The primary constituents of sugarcane straw
are cellulose (34–43%), hemicelluloses (23–38%, primarily xylans), and lignin (11–25%),
with extractives such polyphenols and inorganic compounds making up the remainder [14].
The lignocellulosic material undergoes hydrolysis to release monosaccharides that microbes
can utilize for alcohol production [15]. Several studies have focused on sugarcane straw
as a potential source of xylooligosaccharides (XOS), which are released by the action
of enzymes, being well known for their prebiotic potential and considered as emerging
prebiotics [16–19]. Saccharomyces cerevisiae and sugarcane straw hydrolysates have also been
used for ethanol production from lignocellulosic biomass through fermentation [20]. This
work has explored and demonstrated the potential of those extracts may have as a source
of postbiotics that could modulate the gut microbiota while exerting other beneficial effects.

Therefore, the present work aims to demonstrate the use of sugarcane straw as a
substrate to produce postbiotics by S. cerevisiae fermentation. The beneficial effect of the
extracts on gut metabolic activity modulation, while helping to reduce intestinal inflam-
mation by decreasing pro-inflammatory mediators and inhibiting potential pathogenic
Enterobacteriaceae, was characterized, focusing on their potential use as food and nutraceuti-
calingredients.

2. Materials and Methods
2.1. Reagents

Appendix A contains a description of all the chemicals and reagents utilized in
this investigation.
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2.2. Production of Postbiotic Extract
2.2.1. Sugarcane Straw Saccharification Conditions

Raízen (São Paulo, Brazil) contributed the sugarcane straw. Samples were trans-
ported to the CBQF-UCP laboratory (Porto, Portugal) and immediately dried in a furnace
(Nabertherm, Lilienthal, Germany) at 40 ◦C and crushed (knife mill SM100, Retsch, Haan,
Germany) to a particle size < 4 mm. Subsequently, it was sieved on a 900 µm sieve (Retsch
GmbH, Haan, Germany), with an amplitude of 100 for 10 min.

Straw powder was dispersed in a supplemented buffer solution in a ratio of 1:20
(v:w). Supplement solution was composed of 10 g/L peptone, 5 g/L yeast extract, 2 g/L
tri-ammonium citrate (C6H14N2O7), 2 g/L potassium phosphate dibasic (K2HPO4), 5 g/L
sodium acetate (NaO2CCH3), 0.1 g/L magnesium sulfate heptahydrate (MgSO4·7H2O),
and 0.05 g/L manganese (II) sulfate tetrahydrate (MNSO4·4H2O). This supplement was
added to the sodium citrate buffer solution, containing 4.31 g/L of citric acid (C6H8O7) and
8.68 g/L sodium citrate (NA3C6H5O7), and then the pH was adjusted to 5.0 with NaOH
(1 M) and autoclaved at 121 ◦C for 10 min.

The saccharification process was performed for 72 h with 36.2 FPU (filter paper units)
of Celluclast® per gram cellulose at 50 ◦C, 150 rpm [21]. A saccharification control was
performed with a sample under the same conditions without enzyme addition. All the
experimental conditions were performed in duplicate. Along the process, samples were
collected after 0, 24, 48, and 72 h, and the total sugars decay was determined along the
saccharification process.

At the end of saccharification, the biomass was separated by centrifugation (15 min
at 5000 rpm) and then filtered (0.22 µm, Sartorius stedim, Gottingen, Germany) under
sterile conditions.

2.2.2. Fermentation Conditions and Extract Production

Overnight, inoculum of Saccharomyces cerevisiae DSM 70449 (DMSZ-German Collection
of Microorganisms and Cell Cultures, Braunschweig, Germany) was prepared in yeast malt
broth and incubated at 30 ◦C. After saccharification, the extract was used for fermentation
with an inoculum of S. cerevisiae with a final cellular concentration at 106 CFU/mL deter-
mined by optical density measurement at 600 nm (UV-1900 UV-VIS spectrophotometer,
Shimadzu, Kyoto, Japan) [22] and incubated at 30 ◦C, for 72 h (in duplicate).

At 0, 24, 48, and 72 h, samples were taken for evaluation of cellular concentration, pH,
and total sugar content measurements. At the end, sonication was applied for mechanical
cell lysis (CY-500, Optic Ivymen System, Comecta; Barcelona, Spain) for 10 min with pulses
of 15 s on and 45 s off, at the temperature of 20 ◦C and an amplitude of 70%. After that,
samples were centrifuged (30 min at 4480× g), and the supernatant was stored at −80 ◦C
before freeze-drying (gamma 2–16 LSCplus, Martin Christ, Osterode am Harz, Germany).
The obtained powder was further characterized. The entire process flow is described
in Figure 1.

2.3. Cellular Concentration Measurements

Viable counts were determined in samples of sugarcane straw fermented with S. cereviseae
at 0, 24, 48, and 72 h by employing the spread technique to plate the samples on potato
dextrose agar (PDA), serial decimal dilutions in peptone water, and a 24-h incubation
period at 30 ◦C. All assays were performed in duplicated.

2.4. Postbiotic Extract Chemical Characterization
2.4.1. Total Sugars

Total sugars were evaluated by the phenol-sulphuric acid method [23]. Briefly, to 80 µL
of each sample, 150 µL of the 5% phenol solution and 1 mL of sulphuric acid (95%, v/v)
were combined and added. Samples were incubated in an oven at 100 ◦C for 10 min. After
cooling, the absorbance was measured in a spectrophotometer (Shimadzu, Kyoto, Japan)
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at 490 nm. All assays were performed in duplicate. Glucose was used for the calibration
curve (5–0.3125 mg/mL).
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2.4.2. Quantification of the Total Phenolic Content

The Folin–Ciocalteu assay was performed according to the method described by [24].
The analysis samples were previously prepared at 25 mg/mL in deionized water. In a test
tube, 50 µL of sample was mixed with 50 µL of Folin–Ciocalteu’s reagent at 1 N, 1000 µL
of sodium carbonate at 7.5% (w/v), and 1400 µL of deionized water. The mixture was
incubated for 1 hour in the dark at room temperature, after which the absorbance at a
wavelength of 750 nm was measured. Gallic acid (0.493 to 0.062 mg/mL) calibration curve
was used to calculate the total phenolic content, with results expressed as mg of gallic acid
equivalents (GA) per g of dry weight (dw) sample.

2.4.3. Organic Acids, Sugars, and Short-Chain Fatty Acids Analysis by HPLC-RID

The dry extract was previously dispersed in water at a concentration of 25 mg/mL and
filtered with 0.45 µm filter (Minisart; Sartorius stedim, Gottingen, Germany). Chromato-
graphic analysis was performed with high-performance liquid chromatography, Agilent
1200 HPLC system with a refractive index (RID) detector (1260 Infinity II, Agilent Tech-
nologies; Santa Clara, CA, USA), and diode array detector (DAD) operating at 50 ◦C.
Separation was performed in the Aminex HPX87Pb column (BioRad, Hercules, CA, USA)
with a mobile phase of 0.005 M of sulphuric acid at a flow rate of 0.6 mL/min. Follow-
ing centrifugation, the supernatants were filtered (0.22 µm) and immediately analyzed
by HPLC in duplicate [25]. Using their matching calibration curves, malic acid, lactate,
acetate, butyrate, ethanol, xylose, mannose, galactose, glucose, arabinose, and fructose
were identified and measured.

2.4.4. Individual Phenolic Compounds Identification by LC-ESI-QqTOF-HRMS

The extracts were dispersed in ultra-pure water at 50 mg/mL and filtered with 0.45 µm
filter (Minisart; Sartorius stedim, Gottingen, Germany) before analysis by LC-ESI-UHR-
QqTOF-MS [26]. A UHPLC UltiMate 3000 Dionex (Thermo Scientific) equipped with
an ultrahigh resolution was used to carry out the separation. Mass spectrometer with
50,000 full-sensitivity resolution (FSR) using Qq-time-of-flight (UHR-QqTOF) (Impact II,
Bruker Daltonics, Bremen, Germany) was employed. Utilizing an Acclaim RSLC 120 C18
column (100 mm × 2.1 mm, 2.2 m), metabolites were separated (Dionex). Acetonitrile
with 0.1% formic acid and 0.1% aqueous formic acid were the mobile phases (solvent B).
The following gradient conditions were used during the separation process, which lasted
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24.5 min, at a flow rate of 0.25 mL/min: 0 min, 0% B; 10 min, 21.0% B; 14 min, 27% B;
18.30 min, 58%; 20.0 min, 100%; 24.0 min, 100%; 24.10 min, 0%; and 26.0 min, 0%. The
injection had a 5 L volume.

Mass spectrometers with ultrahigh-resolution quadrupole–quadrupole time-of-flight
(UHR–QqTOF) are employed. In an auto MS scan mode, spectra with a m/z range of 20 to
1000 are obtained, and parameters for MS analysis are determined using these data. The
selected parameters included the end plate offset voltage of 500 V, the capillary voltage of
3.0 KV, the drying gas temperature of 200 ◦C, the drying gas flow of 8.0 L/min, the nebuliz-
ing gas pressure of 2 Bar, the collision radio frequency (RF) of 250 to 1000 Vpp, the transfer
time of 25 to 70 s, the collision cell energy of 5 eV, and the pre-pulse storage of 6 s. Sodium
formate clusters were utilized for post-acquisition internal mass calibration, and it was
injected using a syringe pump at the beginning of each chromatographic analysis. Accurate
mass and isotope rate estimates with the designated mSigma proved the compound’s
elemental composition (Bruker Daltonics). The mSigma results provided assurance that the
lowest chemical nature for mass was presented. A compound’s precise mass [M − H]−

was used to identify it. Quantification (µg/mL) was performed by external calibration,
and for the quantification of hydroxybenzoic acids, the standards 2,5-dihydroxybenzoic
acid, 4-hydroxybenzaldehyde, 4-hydroxybenzoic acid, 3,4-dihydroxybenzalhedyde, and
protocatehuic acid were used, respectively, for each compound. For hydroxycinnamic acids,
p-coumaric acid and the ferulic acid were also used for feruloylquinic acids quantification.
The flavonoids standards vitexin, luteolin, and tricin were used for the quantification of isovi-
texin 2′′-O-arabinoside, luteolin-8-C-glucoside isomers, and tricin derivatives, respectively.

2.5. Postbiotic Extract Biological Characterization
2.5.1. Impact of the Postbiotic Extract on Gut Microbiota

Fermentability assay to assess the impact of the extract on gut microbiota was per-
formed using tube-independent batch culture fermentations, which were carried out using
fresh human fecal inoculum from fecal samples of healthy donors [27]. The composition
of basal nutrient medium was made according to [28]. In this experiment, each condition
tested had 3 fermentation sampling tubes (i.e., 0, 24, and 48 h) and was performed in
triplicate. The tested conditions were: (1) sugarcane straw with S. cerevisiae; (2) fructo-
oligosaccharides (as a positive prebiotic control); and (3) inoculum control (media with only
fecal inoculum). The substrates were tested at 1% (w/v) (i.e., 10 g/L). The batch fermenta-
tion was conducted under anaerobic conditions at 37 ◦C for 48 h, in which fermentation
sampling tubes were collected from their respective time point for bacterial enumeration
by plating, pH measurements, and short-chain fatty acids (SCFA) and lactate analysis
performed by HPLC, as previously described [27].

2.5.2. Radical Scavenging Activity
ABTS Radical Cation

The 2.2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS+) radical cation
test was used to calculate the total antioxidant capacity. Potassium persulfate (2.45 mM)
and ABTS (7 mmol/L) were combined in a 1:1 (v/v) ratio to create the ABTS+ solution. On
a 96-well microplate, the reaction was carried out in five minutes at 30 ◦C with diluted
ABTS (OD of 0.700 ± 0.020 at 734 nm) and the samples (15 µL of each sample in duplicated
reacted with 200 µL of ABTS). After that, OD was measured in a microplate reader (Synergy
H1 microplate reader, Biotek, Winooski, Vermont, EUA) at 734 nm [29]. For the calibration
curve, Trolox was used (0.0075–0.075 mg/mL). A serial of sample dilutions were performed
(0.39–12.5 mg/mL) in methanol to evaluate the IC50 (mg/g dw).

DPPH Radical Cation

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical test was used to calculate the DPPH.
The working solution was created up to a final OD of 0.600 ± 0.100 at 515 nm after the
DPPH solution (600 µM) was made in methanol. After mixing the sample (25 µL) and
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DPPH (175 µL) in duplicate, the OD was measured at 515 nm in a microplate reader after
30 min at 25 ◦C (Synergy H1 microplate reader, Biotek, Winooski, Vermont, EUA) [29]. For
the calibration curve, Trolox was used (0.0075–0.075 mg/mL). A serial of sample dilutions
was performed (0.14–12.5 mg/mL) in methanol to evaluate the IC50 (mg/g dw).

Oxygen Radical Absorption Capacity (ORAC)

The antioxidant capacity was evaluated using the Oxygen Radical Absorbance Capac-
ity (ORAC) assay [30]. In summary, the reaction took place at 40 ◦C in 75 mM phosphate
buffer (pH 7.4), and the final test mixture (200 µL) contained the following compounds:
Trolox (10–80 µM) or sample (0.08–1.667 mg/mL), fluorescein (70 nM), AAPH (14 mM). For
137 min (104 cycles), the fluorescence was captured using a 485 nm excitation and 580 nm
emission wavelength (Synergy H1; BioTek, Winooski, VT, USA). We utilized 96-well black
polystyrene microplates from Nunc in Denmark. Daily, AAPH and Trolox solutions were
prepared, and fluorescein stock solution (1.17 mM) in 75 mM phosphate buffer was diluted
(pH 7.4). At least three separate runs were carried out for each sample, and all reaction
mixes were prepared in duplicate. The results were expressed as µM of Trolox equivalent
per g dry weight.

2.5.3. Cytotoxicity Evaluation

Three different cell lines were used in this work Caco-2 cells. All cells were culture
in a humidified atmosphere at 37 ◦C with 5 CO2 as monolayers. They were cultured in
DMEM with 4.5 g/L, L-glutamine without pyruvate, 10% FBS, 1% Pen-Strep and 1% of
NEAA. Hep G2 cells were cultured in the same media but without NEAA. Caco-2 cells
were used between passages 23 and 36.

As previously mentioned, cytotoxicity was assessed in accordance with the Interna-
tional Organization for Standardization (ISO, 2009) standard [22,31].

On a 96-well microplate, cells were planted at a density of 1 × 104 cells per well
(Nunclon Delta, Thermo Scientific, Waltham, MA, USA). After 24 hours, the culture medium
was carefully removed and replaced with culture medium that included extract (1.56 and
50 mg/mL). The DMSO at 10% (v/v) was used as a death control and plain culture media
was used as growth control. Using a micro-plate reader, the fluorescence (excitation:
560 nm; emission: 590 nm) was quantified (Synergy H1 microplate reader, Biotek, Winooski,
Vermont, EUA) after 24 h incubation followed by Presto Blue addition. All assays were
performed in quadruplicate.

2.5.4. Immunomodulatory Effect

For this assay, Caco-2 cells were seeded at 2.5 × 105 cells/well and incubated for
24 h at 37 ◦C [32]. After that, the extract was added (0.3125 mg/mL) after culture media
replacement, and the plate was re-incubated again for 24 h. The IL-1β (Invitrogen, Waltham,
MA, USA) was used as inflammation control, and basal activity control was made with
plain media. The supernatants were stored at −80 ◦C for further analysis.

According to the manufacturer’s instructions, the Human IL-6 Elisa Kit High Sensi-
tivity (Abcam, Cambridge, UK), the Legend Max Human Elisa Kit IL-8, and the Legend
Max Human Elisa Kit TNF-α (BioLegend, San Diego, CA, USA) were used for the enzyme-
linked immunosorbent assay (ELISA) to detect Interleukins 6 (IL-6), 8 (IL-8), and Tumor
Necrosis Factor alpha (TNF-α). Findings were given in interleukin (IL) pg/mL of sample.
Relative Percentage of Production, which compares the interleukin quantity in the basal
(non-stimulated) control to the results from any proteomic-based test, is a measure of the
test’s effectiveness. The interleukin content of the basal control was 100%.

2.6. Statistical Analysis

The normality distribution was assessed using the Shapiro-Wilk test with a significance
threshold of p < 0.05. The Tukey’s post hoc test was employed for the statistically significant
variables and the ANOVA was used to test for significant differences (homogeneity of
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variance was adopted at the p < 0.05 significance level). Version 14.0.0.15 of STATISTICA
was the program used.

3. Results and Discussion
3.1. Saccharification and Fermentation Process

The sugarcane straw went through a saccharification process with a commercial
cellulase to breakdown cellulose and hemicellulose to release monosaccharides that will
be the sugar source for the yeast. The saccharification occurred for 72 h, and the total
sugar content increased from 1.72 ± 0.10 to 3.46 ± 1.06 mg/mL. Saccharification is the
conversion of cellulose biomass to useful substances such as fermentable sugars through the
enzymatic hydrolysis of the polysaccharide. Cellulase application during saccharification
operates mainly in cellulose and hemicellulose degradation, releasing more water soluble
carbohydrates [14].

This final sugar rich mixture was applied for fermentation with S. cerevisiae, and the
yeast growth and total sugars content along the 72 h are described in Figure 2. It was
possible to observe an increase in yeast growth of ca. 5 log cycles accompanied by a
consumption of ca. 2 mg/mL of the total sugars.
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3.2. Postbiotic Extract General Composition

The final extract, obtained after freeze-drying the supernatant of sonicated cells, result-
ing from sequential sugarcane straw saccharification and fermentation with S. cerevisiae, was
assessed in terms of total phenolic and total protein content and compared with samples
that crossed the same process without the yeast fermentation step (control) (Table 1).

Table 1. Levels of the major biochemical constituents (mg/g DW; means ± SD) in sugarcane straw
powder extract before and after S. cerevisiae fermentation.

Analysis Non-Fermented Straw
Extract Fermented Straw Extract

Total phenolics 12.2 ± 0.2 b 16.2 ± 0.3 a

Total protein 326.0 ± 1.0 a 332.0 ± 4.0 a

Sugars Glucose 41.5 ± 2.6 a ND
Cellobiose 12.6 ± 1.0 a ND

Organic acids Lactic acid ND 9.8 ± 0.1 a

Acetic acid 80.7 ± 0.2 b 194.2 ± 35.5 a

a,b Different letters mean significant differences (p < 0.05) between samples.
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In control samples, the total phenolic content was 12.20 mg gallic acid equivalents/g
dry weight extract, and after yeast fermentation, it increased (p < 0.05) to 16.15 mg GA/g dw.
Fermentation of soybean meal with S. cerevisiae demonstrated an increase in total phenolic
content [33]. In this work, the straw extract obtained after saccharification may have
bounded polyphenols into proteins or polysaccharides from the cell walls, and thus, yeast
had the capacity to hydrolyze flavonoid glycosides into aglycones [34,35] through the action
of β-glucosidases releasing additional total phenolics compounds that will contribute to a
higher antioxidative effect [36].

The protein content in extracts after yeast fermentation is due to the release of extra-
cellular protein throughout the fermentation process and/or that which is initially present
in the extract used as a substrate [37]. However, in this work, the total protein content of
the extract remained similar (p > 0.05) in samples with and without yeast fermentation
(32–33 g/100 g). Depending on the biomass used for fermentation, different behaviors were
reported in the literature for protein contents after yeast fermentation; one example of that
was in okara, a soybean by-product, which showed an increase from 32.8 to 40.5 g/100 g in
protein content after S. cerevisiae fermentation [38].

3.3. Organic Acids and Sugars Profiles

The analysis of the main sugars and organic acids was carried out by high-performance
liquid chromatography with a refractive index detection (HPLC-RID) (Table 1).

The only monosaccharide detected was glucose with an amount of 41.5 mg/g dw,
which disappeared after S. cerevisiae fermentation. The same happened with the disac-
charide cellobiose, with amounts of 12.5 mg/g dw detected in the non-fermented extract.
The presence of these sugars results from their accumulation at the end of saccharification
process, and then the yeast uses the glucose as carbon source, resulting in a decrease in its
content [39]. As opposed to that, S. cerevisiae is not capable of hydrolyzing cellobiose [40].
The decrease in cellobiose content observed in this study after yeast fermentation may
be related to the fact that the extract was sonicated after fermentation, a which process
may have promoted the hydrolysis of oligomers released in saccharification leading to a
breakdown of disaccharides [41].

The acetic acid was the main organic acid detected in all samples, and increases after
yeast fermentation were observed from 80.7 to 194.17 mg/g of dry extract. Regarding the
other organic acids, lactic acid and propionate were only detected in extracts obtained after
yeast fermentation. The lactic acid reached amounts of 9.83 mg/g of dry extract, respectively.
It was shown that the wild-type strains of Saccharomyces cerevisiae only create trace amounts
of D-lactate, most likely because of the action of the methylglyoxal bypass. Saccharomyces
cerevisiae does not produce significant amounts of organic acids spontaneously [42,43].

Due to the overexpression of aldehyde dehydrogenase-coding genes, the increase in
acetic acid level seen following yeast fermentation may be connected to the yeast’s reaction
to osmotic stress [44].

3.4. Phenolic Compounds Profile

The polyphenolic profile of the sugarcane straw extracts obtained after a sequential
enzymatic saccharification and fermentation with S. cerevisiae was compared with samples
without yeast fermentation to verify the impact of this process on polyphenols content. A
total of 17 compounds were identified in any resulting extract (Table 2), but it was only
possible to quantify 14 (Table 3).
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Table 2. LC-ESI-UHR-QqTOF-MS data of phenolic compounds identified in straw extract af-
ter saccharification.

Proposed Name Formula-H m/z Theoretical Mass
[M − H]−

m/z Measured Mass
[M − H]−

Error
(ppm)

MS/MS Fragments
(m/z)

Hydroxybenzoic acids

Protocatechuic acid C7H5O4 153.0184 153.0193 3.3 109, 153
2,5-Dihydroxybenzoic acid isomer 1 C7H5O4 153.0184 153.0193 3.2 109, 153
2,5-Dihydroxybenzoic acid isomer 2 C7H5O4 153.0181 153.0193 3.3 65, 109
4-Hydroxybenzoic acid C7H5O3 137.0235 137.0244 4.6 137
3,4-Dihydroxybenzaldehyde C7H5O3 137.0233 137.0244 4.5 93, 137
4-Hydroxybenzaldehyde C7H5O2 121.0285 121.0295 3.0 121

Hydroxycinnamic acids

5-O-Feruloylquinic acid C17H19O9 367.1021 367.1035 3.8 134, 193
trans-3-Feruloylquinic acid C17H19O9 367.1023 367.1030 3.5 173
Ferulic acid C10H9O4 193.0391 193.0506 4.3 134, 161, 193
p-Coumaric acid C9H7O3 163.0401 163.0401 −1.0 119

Flavonoids

Isovitexin 2”-O-arabinoside C26H27O14 563.1401 563.1406 1.9 353, 443
Luteolin-8-C-glucoside isomer 1 C21H19O11 447.0920 447.0933 2.9 327, 357
Luteolin-8-C-glucoside isomer 2 C21H19O11 447.0920 447.0933 2.9 327, 357
Tricin-O-neohesperoside isomer 1 C29H33O16 637.1772 637.1774 −3.9 329
Tricin-O-neohesperoside isomer 2 C29H33O16 637.1775 637.1638 −0.1 329
Tricin-7-O-glucoside C25H31O10 491.1919 491.1823 0.7 329
Tricin-7-O-rhamnosyl-glucuronide C29H31O17 651.1570 651.1567 −0.4 329

Formula-H is the molecular formula without a proton (H+). m/z theoretical mass [M − H]− is the monoisotopic
peak for a given molecular formula. m/z measured mass [M − H]− is the experimentally determined mass of an
ion measured. Error (ppm) is the difference in parts per million between theoretical and measured data. MS/MS
fragments are the fragments of the mass found.

Table 3. LC-ESI-UHR-QqTOF-MS data of phenolic compounds quantified in straw extract after
saccharification and with and without S. cerevisiae fermentation (means ± SD, µg/g dry extract).

Proposed Name Concentration
(µg/g Dry Extract)

Non-Fermented Straw
Extract

Fermented Straw
Extract

Protocatechuic acid 2.75 ± 0.55 b 3.81 ± 0.59 a

2,5-Dihydroxybenzoic acid isomer 1 0.93 ± 1.82 a NQ
2,5-Dihydroxybenzoic acid isomer 2 24.56 ± 4.35 a 20.58 ± 0.28 a

4-Hydroxybenzoic acid 1.97 ± 0.10 a 1.38 ± 0.02 a

3,4-Dihydroxybenzaldehyde 7.17 ± 0.21 b 24.82 ± 0.04 a

4-Hydroxybenzaldehyde 17.71 ± 0.17 a 0.70 ± 0.05 b

5-O-Feruloylquinic acid 8.39 ± 0.05 a 8.99 ± 0.68 a

trans-3-Feruloylquinic acid 17.07 ± 0.28 a 17.19 ± 0.68 a

Ferulic acid 110.36 ± 0.01 a 42.61 ± 0.38 b

p-Coumaric acid 12.18 ± 0.74 a 11.16 ± 0.09 a

Isovitexin 2”-O-arabinoside NQ NQ
Luteolin-8-C-glucoside isomer 1 NQ NQ
Luteolin-8-C-glucoside isomer 2 NQ NQ
Tricin-O-neohesperoside isomer 1 0.65 ± 0.01 a 0.61 ± 0.01 a

Tricin-O-neohesperoside isomer 2 0.60 ± 0.00 a 0.61 ± 0.01 a

Tricin-7-O-glucoside 1.57 ± 0.02 a 0.75 ± 0.01 b

Tricin-7-O-rhamnosyl-glucuronide 1.27 ± 0.02 b 1.38 ± 0.01 a

a,b Different letters mean significant differences (p < 0.05) between samples. NQ—non-quantifiable compounds.

The phenolic profile obtained was identical to other sugarcane materials such as
sugarcane leaves genotypes [45], molasses extract [46], and bagasse [47]. Although the
category of compounds was the same throughout all studies, the diversity of compounds
discovered, and their concentration were somewhat distinct from those found in this
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study. Most of the reports in the literature described phenolic extractions using organic
solvents such as ethanol [47], but in this work, the solvent used was water, and the extract
went through a sterilization process before the saccharification process. The exposure of
the extract to high temperature and low pressure (121 ◦C, 10 min 1.1 atm) applied for
sterilization may has been responsible for the lower content of polyphenols detected in this
extract [48]. The aqueous environment was not favorable for flavonoids in the extract, since
sugarcane straw is characterized by the presence of several compounds such as luteolin
and apigenin with moieties of glucose or arabinoside and O-glycosylated or the presence
of tricin and luteolin aglycone [49,50].

Within hydroxybenzoic acids, six distinct compounds were found, and the two most
representative were 2,5-dihydroxybenzoic acid isomer 2 (24.56 ± 4.35 µg/g dw) and 4-
hydroxybenzaldehyde (17.71 ± 0.17 µg/g dw), with the ions m/z 153 [M − H]− (C7H5O4)
and m/z 121 [M − H]− (C7H5O2), respectively. Around 27% of the extract’s measured com-
ponents fall into this category. High levels have been linked to systemic infections. Hydrox-
ybenzoic acid derivatives are in charge for plants’ defense response against pathogens [51].
In addition to serving plant purposes, they also possess intriguing biological characteristics
that make them appealing to the food business. 2,5-Dihydroxybenzoic acid has shown
interesting bioactive properties such as antidiabetic potential [52].

After yeast fermentation, the content of all the compounds within this class decreased
except for 3,4-dihydroxybenzaldehyde, which increased from 7.17 to 24.82 µg/g dw. 3,4-
dihydroxybenzaldehyde is known to be covalently linked to cell wall polysaccharides, and
during yeast fermentation, there may occur a release of these compounds from polysac-
charides that are more accessible to quantify. Similar results were reported for sorghum
fermented with a lactic bacteria [53].

Hydroxycinnamic acids were the predominant class representing 71% of whole-extract
composition. The presence of quinic acid esterified with ferulic acid units was detected in
four compounds. Additionally, free ferulic and p-coumaric acids were detected. Ferulic
acid promotes the development of lignin in mature cane, making it a molecular marker that
changes with genotypes, cell types, and tissues within the same plant [54]. Immunomodula-
tory effect by ferulic and p-coumaric acids has been reported due to its antioxidant capacity
that exerts a cytoprotective effect [55].

Ferulic acid (m/z 193 [M − H]− (C10H9O4)) was present in higher quantities with
110.36 ± 0.01 µg/g dw. After yeast fermentation, the only hydroxycinnamic acid that
decreased was ferulic acid, by ca. 39%. The remaining compounds did not present a
significant variation (Table 3).

Saccharomyces cerevisiae growth may be inhibited by some phenolic compounds, and
to overcome this issue, certain phenolic compounds can be catabolized and metabolically
processed in situ by yeast. According to published reports, yeast can convert ferulic acid
into some intermediates, such as the isomer dihydroferulic acid, in the first two hours of
cultivation. This yeast can also produce benzeneacetic acid, 2′,5′-dihydroxyacetophenone,
5-allyl-1-methoxy-2,3-dihydroxybenzene, 4-hydroxyphenylethanol, 4-vinylguaiacol, and
phenylethyl alcohol [56]. Decarboxylases, the most well-known of which is phenyl acrylic
acid decarboxylase, were demonstrated to promote the conversion of ferulic acid in
S. cerevisiae [57].

Another significant class of phenolic chemicals that are prominently present in sugar-
cane are flavonoids. Among these, luteolin with glucose moieties and tricin with glucose,
glucuronide, or neospheroside moieties were found. The luteolin and isovitexin derivatives
were detected, but they were lower than the quantification limit. Tricin-7-O-glucoside
(m/z 491 [M − H]− (C25H31O10)), tricin-7-O-rhamnosyl-glucuronide (m/z 651 [M − H]−

(C29H31O17)) presented the higher content among all the flavones identified with 1.57± 0.02
and 1.27 ± 0.02 µg/g dw, respectively. With only 2% of all detected phenolic compounds
belonging to this class, the extract had the lowest representation of these compounds. Many
studies claim that due to tricin’s pharmacological efficiency, bioactive characteristics, and
low toxicity, it has demonstrated its clinical utility over time [58]. Due to the qualities it
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possesses, such as anticancer capabilities [59,60], antiobesity [61], antidiabetic [62], antioxi-
dant [63,64], anti-inflammatory [65,66], and antiviral [67] tricin is regarded as a promising
nutraceutical. The fermentation process led to a decrease in tricin-7-O-glucoside from 1.57
to 0.75 µg/g dw, and tricin-7-O-rhamnosyl-glucuronide presented an increase of 8%.

3.5. Antioxidant Activity

The antioxidant capacity of the extracts was determined by ABTS and DPPH through
the IC50 (mg/mL) and ORAC results were expressed in µmol Trolox equivalents/g dry
weight (Table 4).

Table 4. Antioxidant capacity of sugarcane straw extract after cellulose saccharification with and
without (control) S. cerevisiae fermentation.

Analysis Non-Fermented
Straw Extract

Fermented Straw
Extract

Antioxidant activity
ABTS IC50 (mg/mL) 7.34 ± 0.34 a 2.62 ± 0.98 b

DPPH IC50 (mg/mL) 13.08 ± 0.34 a 6.85 ± 0.24 b

ORAC (µmol TE/g) 171.21 ± 11.27 b 302.23 ± 19.49 a

a,b Different letters mean significant differences (p < 0.05) between samples. IC50 Inhibitory concentration that
block 50% of the free radicals generated in the reaction. µmol TE/g represents the concentration in Trolox
equivalents per gram of dry weight extract.

According ABTS, DPPH, and ORAC methods, the capacity of the extract to neutralize
free radicals increased after S. cerevisiae fermentation of sugarcane straw extract, since a
significant decrease (p < 0.05) in IC50 was observed for ABTS and DPPH and an increase
in (p < 0.05) Trolox equivalents for ORAC (Table 4), whose reaction mechanism may be
through hydrogen atom transfer.

Different antioxidant activities have been reported for different S. cerevisiae strains.
A study between PY S. cerevisiae var. boulardii and S. cerevisiae BY4742 showed that var.
boulardii had 6–10-fold higher scavenging activity (DPPH), and this was due to higher
content of total phenolics and flavonoids [68]. Another work described an increase in
the antioxidant capacity of apple juice fermented sequentially with S. cerevisiae, dealco-
holization, and L. plantarum [69]. It was also reported that autolysates of baker’s yeast,
Pichia fermentans BY5 and Issatchenkia orientalis BY10, showed antioxidant activity in scav-
enging of DPPH radical, nitric oxide, hydroxyl radical, and metal ion chelating [70–72].

The bioactive peptides in yeast hydrolysates and other antioxidant substances such
glutathione, Maillard reaction products, sulfur-containing amino acids, and polysaccharides
are likely what give them their antioxidative properties [73].

Besides the contribution of yeast autolysates to the antioxidant capacity, it was also
reported in the literature that S. cerevisiae had the capacity to increase the bioaccessibility
of phenolic content, thus increasing the radical scavenging properties [33]. The fermen-
tation of 4 cereals (wheat, buckwheat, wheat germ, barley, and rye) by L. rhamnosus and
S. cerevisiae showed an increase in the antioxidant activity [74]. Additionally, an increased
antioxidant capacity was observed in a Lactobacillus paracasei postbiotic extract tested in
liver of male albino rats [75]. Antioxidant activity in butter samples increased after the
addition of ferulago angulata extract when combined with postbiotic compounds produced
by Lactiplantibacillus plantarum subsp. plantarum [76].

As previously described in the present work, the total phenolic content increase
observed in straw extract obtained after saccharification and yeast fermentation may be
contributing to antioxidant activity increase.

3.6. Impact of Postbiotics on Gut Microbiota Modulation

The effect of the extract in gut microbiota, an in vitro fermentation model was per-
formed using feces from five donors. Fermentation sampling was performed at times 0, 24,
and 48 h, to quantify the pH, the total and specific bacteria, such as Enterobacteriaceae, lactic
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acid bacteria, and Bifidobacterium, and finally the short-chain fatty acids (SCFA). Obtained
data were compared with two controls, one positive prebiotic designated as FOS and one
negative only with inoculum control (IC). The use of FOS was for control of the impact
on gut modulation in terms of microorganisms composition, in the evaluation of the main
beneficial bacteria such as Lactobacillus and Bifidobacterium.

The common pH of the human colon varies between 6.0 and 8.0 [77], and in the
negative control (IC), no significant differences (p > 0.05) were observed after 48 h. On
the other hand, FOS presented a high decrease from 7.15 to 3.64, and in the straw extract,
pH decreased from 7.24 to 6.72 (Figure 3). The pH decrease, although slight, may create a
favorable environment for the reproduction of some beneficial bacteria while inhibiting
harmful microorganisms.
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Figure 3. The changes in pH value of simulated gut microbiota fermentation (five donors) along
48 h in the presence of inoculum control that represents media with only fecal inoculum (IC, �),
fructooligosaccharides (FOS, �), and straw extract after fermentation with S. cerevisiae (�). a,b,c,d,e,f

Different letters mean significant differences (p < 0.05) between samples.

The fermented straw extract as well as FOS used as the positive control and no extract
addition as negative control were tested and were incubated for 48 h with fecal bacteria.
Figure 4 depicts modifications in bacterial populations following this therapy.
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of inoculation of different substrates. Inoculum control (IC, �), fructo-oligosaccharides (FOS, �),
and straw extract after fermentation with S. cerevisiae (�). a,b,c,d,e Different letters mean statically
significant (p < 0.05) differences between samples.
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After 24 or 48 hours of fermentation, no significant changes (p > 0.05) in the total
number of bacteria were found, presenting a value of 8 log (CFU/mL) over the 48 h.

In lactic acid bacteria (LAB), no significant differences (p > 0.05) were seen along
fermentation time in the inoculums with straw extract or in the negative control. On the
other side, the positive control (FOS) increased from 5.2 to 8.0 log (CFU/mL) after 48 h.
Bifidobacterium, where no extract was added, presented a decrease by the end of 48 h, while
in the positive control, the presence of FOS stimulated this group of bacteria to increase
from 7.3 to 7.9 log (CFU/mL), and in the presence of straw extract, the group decreased
(p < 0.05) from 7.3 to 6.0 log (CFU/mL).

The group of Enterobacteriaceae cells were not detected in positive controls after 24 and
48 h fermentation, while in the negative control and in the presence of straw extract, the
group decreased significantly only after 48 h fermentation, from 5.5 to 3.5 log (CFU/mL).

The inoculum with FOS was the only one that promoted the growth of LAB and
bifidobacteria, and this was due to its prebiotic capacity. One to three molecules of fructose
bonded directly to the fructose residue of sucrose with β-1,2 linkage form the non-digestible
oligosaccharide known as FOS. Short-chain fatty acids including acetic, propionic, and n-
butyric acids, carbon dioxide, hydrogen, methane, amino acids, and vitamins are produced
during the fermentation of FOS by the gut bacteria. The increase in SCFA decreases the
pH, which is favorable for Bifidobacterium and Lactobacillus growth, while it suppresses the
pathogenic bacteria [78], also seen in this work (Figure 4).

Prebiotics primarily target strains of Lactobacillus and Bifidobacterium, among others,
which can combat chronic diseases because intestinal fermentation generates SCFAs. They
are produced as a byproduct of the intestinal microbiota’s metabolism, primarily from
dietary fiber that is not digestible [79]. Figure 5 shows the values obtained for SCFA in
the cultures.
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Without the interference of a nutritional source, the IC gives background data on the
intrinsic and established gut microbiota metabolite production. As expected, the IC has
the lowest SCFA production because there is no additional substrate to feed the intestinal
bacteria. After FOS administration, an increase in SCFA production was observed. Thus,
the administration of prebiotics induces the synthesis of SCFA, which has been reported to
exert positive effects against the inflammatory behavior of the intestinal barrier. According
to these findings, prebiotics not only aid in the growth and development of particular
colonic bacteria but also encourage the synthesis of bacterial metabolites that may have
positive health effects [80].

The acetate was the main SCFA quantified in all samples after 48 h fermentation
(p < 0.05) when compared with negative and positive controls. The last two increased
along fermentation time but to a lower extent. Fermentation for 24 h was enough for the
maximum content of acetate, showing an increase from 21.6 to 69.3 mM. According to
reports, this material is the most common substance in the large intestine and the main
consequence of bifidobacterial fermentation in a human fecal environment [81,82]. The
abundance of acetate is crucial for reducing inflammation and blocking pathogen invasion
such as Enterohaemorrhagic Escherichia coli [83,84].

Lactate increased significantly in the presence of FOS, but no differences were observed
in negative control or in the presence of straw extract.

Butyrate increased along fermentation for all conditions tested, but the increase ob-
served was higher when fermentation occurred in the presence of straw extract, presenting
9.94 mM by comparison with FOS, which only had 3.6 mM after 48 h. Several in vitro
investigations have shown that butyrate can cause apoptosis in colonic tumor cell lines, and
it is thought that butyrate is a beneficial metabolite of gut bacterial activity [85]. Butyrate
formation occurs in certain Firmicutes bacteria, through two mechanisms, one via butyrate
kinase and another by butyric acetate CoA transferase [86]. Butyric acid has beneficial ef-
fects on the intestinal mucosa and influences cell development, making it crucial for human
health. It has anti-inflammatory qualities and lowers the likelihood of developing colon
cancer [81,87]. Colitis treatment options have also included butyrate irrigation (enema). As
a result, substances that stimulate the formation of butyrate at intestinal epithelial cells are
of interest to the food industry supplements.

Regarding propionate concentrations, the most significant increase was in the presence
of straw extract, increasing from 0.95 to 4.93 mM, while the FOS inoculum had a lower
increase (0.95–2.37 mM). Due to its anti-lipogenic, cholesterol-lowering, anti-inflammatory,
and anti-carcinogenic properties, propionate may have positive impacts on health [88].
Propionic acid content may be related to the high numbers of Bacteroides present or to the
presence of specific compounds in the extracts [89]. Its production was associated with
side chains found in xilooligosaccharides [90]. Another reason may be the presence of
oligosaccharides derived from hemicellulose, which is a rich source of xylan, which is
composed by xylooligosaccharides (XOS) [91]. According to some reports, XOS promotes
the growth of Lactobacillus at the expense of the growth of dangerous bacteria, leading to
an increase in short-chain fatty acids including butyrate, acetate, and propionate [18,92].

Richness of postbiotic extract in lactate and acetate can positively influence down-
stream butyrate and propionate content at the level of the gut when converted by butyrate
and propionate producers [93]. Microbes such as Anaerobutyricum and Anaerostipes species
can convert lactate to butyrate via the CoA-transferase pathway. Moreover, there are two
ways that lactate can be converted to propionate: either through the acrylate pathway,
which is used by microorganisms such as Coprococcus catus and Megasphaera elsdenii, or by
the succinate pathway, which is used by microbes such as Veillonella species [94–96].

Valerate did not increase in the positive control; however, straw extract induced an
increase (p < 0.05) from 0.4 to 6.2 mM after 48 h. In the negative control, also visible was
an increase in valerate content but to a lower extent, increasing to 3.2 mM. The isovalerate
only revealed differences in the negative control, which increased from 0.2 to 1.5 mM.
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The treatment of sugarcane straw during saccharification with cellulase can release
xylooligosaccharides (XOS) but also cello-oligosaccharides (COS), which are oligomers
of β-1,4-linked D-glucose units that have proved prebiotic effect by stimulating in vitro
growth of several Lactobacillus and Bifidobacterium strains [97,98]. In this work, no significant
growth was observed for Bifidobacterium or lactic acid bacteria (LAB), probably because the
amount of oligomers released was not strong enough to stimulate bacteria growth but was
enough to increment their production of SCFA. It is described in the literature that XOS or
COS production from lignocellulosic material requires other enzymes such as xylanases or
higher temperatures and alkaline pH to increase the material breakdown [16].

Besides the potential increase in oligomers in the extract medium that may exert
prebiotic effect, the observed decrease in Bifidobacterium growth after 48 h and no changes
observed in the growth of LAB may be related to the presence of some polyphenols. It was
reported that depending on the phenolic compounds, they may stimulate the Bifidobacterium
growth, as was the case with coumaric acid, caffeic acid, and vanillic acid [99], or may
inhibit it, as was the case with some flavonoid aglycones [100].

Studies on both humans and animals (rats, pigs, and chickens) revealed an increase in
the growth of Lactobacillus and a decrease in Entorabacteriaceae, Clostridium, and Bacteroides,
after stimulus with monomeric flavan-3-ols from blackcurrant extract [101] or grape seed
extract [102]. In this work, also visible was a decrease in Entorabacteriaceae group after
48 h contact with fermented straw extract, indicating that the polyphenols content was
inhibiting their growth.

These findings allow us to state that sugarcane straw extract fermented with S. cerevisiae
has a potential prebiotic effect, as besides not stimulating the growth of LAB or Bifidobacterium,
a significant increase in SCFA content was seen, namely, acetate, propionate, butyrate, and
valerate, while it inhibited putrefactive bacteria such as Entorabacteriaceae.

3.7. Influence of the Extract on Cells Viability

The sublethal concentration was defined through the cytotoxicity assay before con-
ducting the Caco-2 inflammatory assay. The Caco-2 cells were used in this investigation
since they are pertinent to the examination of the effects of food components on intestinal
epithelial tissue. [103].

The extract showed toxicity for concentrations above 3.125 mg/mL (metabolic inhibi-
tion above 30%) after 24 h treatment (Figure 6). Thus, this concentration was considered
safe and was used in subsequent assays.
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3.8. Anti-Inflammatory Effect

Interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) are overexpressed in the
intestine as a result of the inflammatory bowel disease, which is linked to immune system
dysregulation [104]. The regulation of those biomarkers through diet could aid in disease
prevention and be used as a co-adjuvant for disease treatment [105].

The possible inflammatory protective impact of sugarcane extract was evaluated using
a pre-incubation of the Caco-2 cells media with extracts and a co-incubation (extract + IL-1
pro-inflammatory cytokine). The levels of three cytokines, IL-6, IL-8, and TNF-, were
also assessed (Figure 7). The extract (3.125 mg/mL) was employed because it was the
greatest dosage deemed physiologically safe for Caco-2 cells. IL-1 was used to provide
the inflammatory stimulus. This cytokine is known to have a role in the beginning and
amplification of inflammatory activity, which causes Caco-2 cells to produce biomarkers
and inflammation mediators. [106].

Appl. Sci. 2023, 13, x FOR PEER REVIEW 17 of 23 
 

increases cancer cell proliferation and survival, and facilitates tumor escape from immune 

cells. Additionally, cancer patients’ poor prognoses are linked to IL-8 expression by cancer 

cells [107].  

The TNF-α reduced from 65.7 to 54.4 pg/mL, corresponding to a decrease of 17%, 

while IL-6 increased from 55.0 to 142.6 pg/mL when compared with IL-1β stimulus.  

TNF-α is produced by macrophages and is responsible to control the host immune 

response [108]. Meanwhile, IL-6 stimulates the differentiation or proliferation of several 

non-immune cells while also inducing an immunological response through the formation 

of effector T cells [109]. In this work, the fermented extract induced the production of IL-

6 similarly to a work where a yeast-fermented Korean liquor by-product was tested which 

was mainly composed by polysaccharide fractions [110]. Monosaccharides showed im-

mune-enhancing effects, and the activation of macrophages was dependent on the poly-

saccharides molecular weight [111].  

 

Figure 7. Immunomodulatory effect on Caco-2 cell line after exposition to fermented sugarcane 

straw extract (0.625 mg/mL) with (SC+) and without S. cerevisiae (SC−), using IL-1β as a pro-inflam-

matory stimulus. The concentration of interleukin-8 (IL-8), interleukin-6 (IL-6), and tumor necrosis 

factor (TNF-) (mean ± SD) were measured. a,b,c,d Different letters indicate significant differences (p < 

0.05). 

Despite the fact that the exact processes by which polyphenols cause their anti-in-

flammatory effects are not entirely understood, it has been hypothesized that they do so 

by altering the synthesis of eicosanoids, blocking immune cells that have been activated, 

or by inhibiting nitric oxide synthase and xyclooxygenase-2 through its inhibitory effects 

on nuclear factor NF-κβ [112,113].  

It was stated that ferulic acid has a strong anti-inflammatory effect, and exerts pro-

tection action in the intestinal epithelial barrier dysfunction when stimulated with by LPS 

[114]. Some studies have discussed the potential of sugarcane polyphenols as anti-inflam-

matory agents. When Caco-2 cells were treated with IL-1β, a sugarcane stem aqueous ex-

tract (50 mol gallic acid equivalent/L) caused a 1.5-fold reduction in IL-8 release [115].  

A recent work has described the anti-inflammatory effect of postbiotic extracts pro-

duced from four strains, namely, Lactobacillus salivarius, Lactobacillus acidophilus, Lactoba-

cillus plantarum, and Bifidobacterium longum subsp. infantis [116]. Postbiotic extracts from 

Lactobacillus delbrueckii CIDCA 133 strain reduced the inflammatory markers in a mouse 

model [117].  

4. Conclusions 

This work highlights the potential use of a by-product derived from the sugarcane 

industry, sugarcane straw, to produce postbiotics, through sequential saccharification 

Figure 7. Immunomodulatory effect on Caco-2 cell line after exposition to fermented sugarcane straw
extract (0.625 mg/mL) with (SC+) and without S. cerevisiae (SC−), using IL-1β as a pro-inflammatory
stimulus. The concentration of interleukin-8 (IL-8), interleukin-6 (IL-6), and tumor necrosis factor
(TNF-) (mean ± SD) were measured. a,b,c,d Different letters indicate significant differences (p < 0.05).

In basal conditions, the presence of interleukins was not detected, and an amount of
11.4 pg/mL of TNF-α was detected. The extract without stimulus was tested to verify if
it has a pro-inflammatory effect, and cytokines quantities between 7 and 18 pg/mL were
detected. After exposure to stimulus and with 3.125 mg/mL extract, a significant (p < 0.05)
decrease in IL-8 was detected from 876 to 806 pg/mL, compared to the positive control
(challenge with IL-1β). IL-8 is a cytokine that promotes inflammation and is implicated
in chemotaxis. Natural substances having the ability to block the synthesis of IL-8 are
appealing because the expression of IL-8 by cancer cells enhances tumor angiogenesis,
increases cancer cell proliferation and survival, and facilitates tumor escape from immune
cells. Additionally, cancer patients’ poor prognoses are linked to IL-8 expression by cancer
cells [107].

The TNF-α reduced from 65.7 to 54.4 pg/mL, corresponding to a decrease of 17%,
while IL-6 increased from 55.0 to 142.6 pg/mL when compared with IL-1β stimulus.

TNF-α is produced by macrophages and is responsible to control the host immune
response [108]. Meanwhile, IL-6 stimulates the differentiation or proliferation of several
non-immune cells while also inducing an immunological response through the formation
of effector T cells [109]. In this work, the fermented extract induced the production of
IL-6 similarly to a work where a yeast-fermented Korean liquor by-product was tested
which was mainly composed by polysaccharide fractions [110]. Monosaccharides showed
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immune-enhancing effects, and the activation of macrophages was dependent on the
polysaccharides molecular weight [111].

Despite the fact that the exact processes by which polyphenols cause their anti-
inflammatory effects are not entirely understood, it has been hypothesized that they do so
by altering the synthesis of eicosanoids, blocking immune cells that have been activated, or
by inhibiting nitric oxide synthase and xyclooxygenase-2 through its inhibitory effects on
nuclear factor NF-κβ [112,113].

It was stated that ferulic acid has a strong anti-inflammatory effect, and exerts protec-
tion action in the intestinal epithelial barrier dysfunction when stimulated with by LPS [114].
Some studies have discussed the potential of sugarcane polyphenols as anti-inflammatory
agents. When Caco-2 cells were treated with IL-1β, a sugarcane stem aqueous extract
(50 mol gallic acid equivalent/L) caused a 1.5-fold reduction in IL-8 release [115].

A recent work has described the anti-inflammatory effect of postbiotic extracts pro-
duced from four strains, namely, Lactobacillus salivarius, Lactobacillus acidophilus,
Lactobacillus plantarum, and Bifidobacterium longum subsp. infantis [116]. Postbiotic extracts
from Lactobacillus delbrueckii CIDCA 133 strain reduced the inflammatory markers in a
mouse model [117].

4. Conclusions

This work highlights the potential use of a by-product derived from the sugarcane
industry, sugarcane straw, to produce postbiotics, through sequential saccharification with
cellulase and S. cerevisiae fermentation, with potential application as a food ingredient.

The most prevalent phenolic components in the extract were hydroxycinnamic acids,
which were also present in smaller amounts in hydroxybenzoic acids and flavonoids.
The extract exhibited capacity to neutralize free radicals while exerting a prebiotic effect,
through the increase in short-chain fatty acids, namely, acetate, propionate, and butyrate.
Another property identified was the capacity to control pro-inflammatory mediators (IL-8
and TNF-α) in Caco-2 cells, while exerting immune enhancing effect by increasing IL-6.
Additionally, the extracts produced in this work, and by this two-step biological process,
were shown to modulate gut microbiota especially in terms of production of important
SCFA, and to inhibit the growth of potential pathogenic Enterobacteriaceae. However,
further studies should be conducted to guarantee efficient and safe usage in humans, as
well as other product development strategies, if considering the use of the extract in the
improvement of ingredients for functional applications.

As a result, it is possible to see fermented sugarcane straw as a viable source of organic
bioactive substances that can be produced within the context of a sustainable and circular
economy and potentially used as food ingredients.
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Appendix A

Acetonitrile, 2.2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid), DMSO, formic
acid, Folin–Ciocalteu reagent, gallic acid, glucose, yeast extract, magnesium sulfate hep-
tahydrate, peptone, phenol, potassium persulfate, sodium citrate, sulphuric acid, sodium
carbonate, tricin, luteolin, protocatechuic acid, vanillic acid, p-coumaric acid, caffeic acid,
ferulic acid, chlorogenic acid, 2,5-dihydroxybenzoic acid, 4-hydroxybenzaldehyde, 4-
hydroxybenzoic acid, 3,4-dihydroxybenzalhedyde, syringic acid monosodium phosphate,
fluorescein disodium salt, Trolox, malic, lactic, acetic, butyric and ethanol, xylose, mannose,
galactose, glucose, arabinose fructose, tween 80, vitamin K (Sigma-Aldrich; Sintra, Portugal).

Tri-ammonium citrate (VWR International; Pennsylvania, PA, USA). Potassium phos-
phate dibasic (Honeywell; Charlotte, NC, USA). Sodium acetate, manganese (II) sulfate
tetrahydrate (Merk KGaA; Darmstadt, Germany). Citric acid (AppliChem GmbH). Cellu-
clast (Novozyme, Denmark). Yeast malt broth (YM; Biokar Diagnostics; Allonne, France).

Sodium chloride (AppliChem GmbH), dipotassium hydrogen phosphate, potassium
dihydrogen phosphate, magnesium sulfate heptahydrate (Merk KGaA; Darmstadt, Ger-
many), calcium chloride hexahydrate, sodium hydrogen carbonate (Sigma-Aldrich; St.
Louis, MO, USA), L-cysteine HCL, bile salts, resazurin solution, fructooligosaccharides
(FOS) (Thermo Fisher Scietific; Waltham, MA, USA).

Vitexin, diosmetin, isoschaftoside, orientin, viexin-2-O-rhamnoside (Extrasynthése,
France). The 2,2-diphenyl-1-picrylhydrazyl (DPPH˙) was acquired to Alfa Aesar, Thermo
Fisher Scientific; Waltham, MA, USA, the AAPH solutions from Acros Organics, Thermo
Fisher Scientific; Branchburg, NJ, USA, and Presto Blue (Thermofisher, Waltham, MA, USA).

Caco-2 cells (ATCC HTB-37) were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA).
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5. Żółkiewicz, J.; Marzec, A.; Ruszczyński, M.; Feleszko, W. Postbiotics—A step beyond pre-and probiotics. Nutrients 2020, 12, 2189.
[CrossRef] [PubMed]

6. Aguilar-Toalá, J.E.; Garcia-Varela, R.; Garcia, H.S.; Mata-Haro, V.; González-Córdova, A.F.; Vallejo-Cordoba, B.; Hernández-
Mendoza, A. Postbiotics: An evolving term within the functional foods field. Trends Food Sci. Technol. 2018, 75, 105–114.

7. Duarte, M.; Oliveira, A.L.; Oliveira, C.; Pintado, M.; Amaro, A.; Madureira, A.R. Current postbiotics in the cosmetic market—An
update and development opportunities. Appl. Microbiol. Biotechnol. 2022, 106, 5879–5891. [CrossRef]

8. Amiri, S.; Rezazadeh-Bari, M.; Alizadeh-Khaledabad, M.; Rezaei-Mokarram, R.; Sowti-Khiabani, M. Fermentation optimization
for co-production of postbiotics by Bifidobacterium lactis BB12 in cheese whey. Waste Biomass Valorization 2021, 12, 5869–5884.
[CrossRef]

9. Lee, F.H.; Wan, S.Y.; Foo, H.L.; Loh, T.C.; Mohamad, R.; Abdul Rahim, R.; Idrus, Z. Comparative study of extracellular proteolytic,
cellulolytic, and hemicellulolytic enzyme activities and biotransformation of palm kernel cake biomass by lactic acid bacteria
isolated from Malaysian foods. Int. J. Mol. Sci. 2019, 20, 4979. [CrossRef]

10. Lara-Cervantes, T.d.J.; Carrillo-Inungaray, M.L.; Balderas-Hernández, V.E.; Aguilar-Zárate, P.; Veana, F. Valorization of Parmen-
tiera aculeata juice in growth of probiotics in submerged culture and their postbiotic production: A first approach to healthy
foods. Arch. Microbiol. 2022, 204, 679. [CrossRef]

11. Outeiriño, D.; Costa-Trigo, I.; Pinheiro de Souza Oliveira, R.; Pérez Guerra, N.; Salgado, J.M.; Domínguez, J.M. Biorefinery of
Brewery Spent Grain by Solid-State Fermentation and Ionic Liquids. Foods 2022, 11, 3711. [CrossRef]

12. Ali, S.E.; Yuan, Q.; Wang, S.; Farag, M.A. More than sweet: A phytochemical and pharmacological review of sugarcane (Saccharum
officinarum L.). Food Biosci. 2021, 44, 101431. [CrossRef]

http://doi.org/10.1016/j.tifs.2021.10.002
http://doi.org/10.1038/nrgastro.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24912386
http://doi.org/10.1038/s41575-021-00440-6
http://www.ncbi.nlm.nih.gov/pubmed/33948025
http://doi.org/10.3390/nu12082189
http://www.ncbi.nlm.nih.gov/pubmed/32717965
http://doi.org/10.1007/s00253-022-12116-5
http://doi.org/10.1007/s12649-021-01429-7
http://doi.org/10.3390/ijms20204979
http://doi.org/10.1007/s00203-022-03295-w
http://doi.org/10.3390/foods11223711
http://doi.org/10.1016/j.fbio.2021.101431


Appl. Sci. 2023, 13, 3391 19 of 23

13. Saad, M.B.W.; Oliveira, L.R.M.; Cândido, R.G.; Quintana, G.; Rocha, G.J.M.; Gonçalves, A.R. Preliminary studies on fungal
treatment of sugarcane straw for organosolv pulping. Enzyme Microb. Technol. 2008, 43, 220–225. [CrossRef]

14. dos Santos Rocha, M.S.R.; Pratto, B.; de Sousa, R.; Almeida, R.M.R.G.; da Cruz, A.J.G. A kinetic model for hydrothermal
pretreatment of sugarcane straw. Bioresour. Technol. 2017, 228, 176–185. [CrossRef] [PubMed]
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