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Abstract: Arabinoxylans (AX) are gelling polysaccharides with potential applications as
colon-targeted biomaterials. Nevertheless, the fermentation of highly cross-linked AX particles (AXP)
by colonic bacteria and the effect of its fermentation supernatants on the proliferation of human
colon cancer cells have not been investigated so far. In this study, electrosprayed AXP were
fermented by Bifidobacterium longum, Bifidobacterium adolescentis, and Bacteroides ovatus. The
effect of AXP fermentation supernatant (AXP-fs) on the inhibition of the human colon cancer cell
line Caco-2 proliferation was investigated. AXP presented a mean diameter of 533 pm, a spherical
shape, and a cross-linking content (dimers and trimers of ferulic acid) of 1.65 g/mg polysaccharide.
After 48 h of bacteria exposure, AXP were only partly fermented, probably due to polymeric network
steric hindrance that limits the access of bacterial enzymes to the polysaccharide target sites. AXP
partial fermentation was evidenced by a moderate short-chain fatty acid production (SCFA) (23 mM)
and a collapsed and disintegrated microstructure revealed by scanning electron microscopy. AXP-fs
exerted slight inhibition of Caco-2 cell proliferation (11%), which could be attributed to the SCFA
generated during partly polysaccharide fermentation. These findings indicate that electrosprayed
AXP are a slow-fermentable biomaterial presenting slight anti-cancer properties and potential
application in colon cancer prevention.
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1. Introduction

Polysaccharide hydrogels have been widely investigated for their use as colon-targeted
delivery systems. Notably, the use of AX gels represents an exciting alternative for such
application as they exhibit biocompatibility with human colon cells [1] and can be degraded by
colonic microbiota [2-4]. A recent study documented the potential use of AX microspheres as
insulin carriers targeted to the colon, showing a hypoglycemic effect in diabetic-induced rats [5].
Moreover, the administration of AX gels to obese-induced rats showed a protective effect on
microbiota by promoting the increase of beneficial bacteria such as Bifidobacteria [6]. AX are the
main non-starch polysaccharides from cereal grains with a basic structure consisting of a linear
B(1-4)-linked D-xylopyranosyl backbone chain with some a-L-arabinofuranose units attached to
0-2 and O-3 position of xylose units [7]. Besides, some ferulic acid (FA) residues can be esterified
to the arabinose side-chains through O-5 [8]. AX form three-dimensional networks through the
oxidative coupling of FA residues by free radical generating agents such as laccase or
peroxidase/H,O, [9]. The resulting dimers (di-FA) and trimer (tri-FA) covalent cross-linking
structures finally lead to the formation of gels [10,11]. These gels exhibit stability to pH and
electrolyte and can absorb large amounts of water [7]. Several studies have demonstrated the ability
of AX gels as controlled-release systems of proteins, molecules, and cells [4,12-15]. AX reach the
colonic region and are fermented by gut microbiota resulting in the production of short-chain fatty
acids (SCFA) as end products [16]. SCFA are well-known to exert positive physiological effects on
host health. Particularly butyric acid plays a role in the prevention of colon cancer as it is the primary
substrate for colonocytes and promotes the health of the gut barrier [17]. Previous studies have
documented the antiproliferative effect of SCFA, butyrate, and acetate on colorectal cancer cells
through different mechanisms such as gene expression inhibition and via apoptosis [18,19].
Moreover, Glei et al. [20] reported that the fermentation supernatants of water-soluble and alkali
extracted AX fermented by human feces exhibited an antiproliferative effect on the human colon
cancer cells HT29. The protective effect of phenolic acids, to which FA belongs, on colon
carcinogenesis has been also reported by several authors [21-24]. The FA has demonstrated to inhibit
the proliferation of the human colon cancer cell line Caco-2 by affecting the cell cycle, specifically
inducing a delay in the S phase and dysregulating genes implied in cell cycle control [22,23]. AX are
mainly degraded by Bacteroides and Bifidobacterium as they produce the enzymes required for its
degradation [2,25]. A cross-synergy effect between Bifidobacterium longum and Bifidobacterium
adolescentis in arabinoxylo-oligosaccharides (AXOS) degradation has been suggested [26].
Previous studies have documented that AX fermentation promotes the growth of probiotics such as
Lactobacillus and Bifidobacterium [25,26], while certain strains such as Bacteroides are not favored
in the presence of cross-linked AX [25]. The administration of gelled AX to obesity-induced rats fed
with high fat diets had a protective effect on the stability of the taxonomic profile of microbiota by
increasing  Bifidobacterium  population, while favoring an adequate balance of
Bacteroidetes/Firmicutes [6]. Thus, AX fermentation could evidently exert positive effects on the
host health by producing beneficial metabolites (SCFA, FA) and modulating the microbiota
composition by increasing probiotic bacteria population. It has been reported that the presence of FA
esterified to AX inhibits its degradation and subsequent fermentation [27]. Interestingly,
cross-linking of AX reduces the rate of fermentation because the polymeric network structure
restricts xylanolytic activity, and therefore arabinose moieties are preferentially used [2]. Previous
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work indicated that fermentation of AX gels by Bifidobacteria decreases as the cross-linking density
increases due to the limited accessibility of bacterial enzymes to their target sites. It is also suggested
that a more compact microstructure of the gel and a high content of covalent cross-linking
structures (di-FA and tri-FA) may slow down bacterial enzymes penetration to their hydrolysis sites
causing slow removing of arabinoses moieties [3]. AX gels produced in the form of particles or
microspheres are considered excellent materials for biomedical applications. AX microspheres and
AX particles can be fabricated by electrospraying method [4,12,28]. Electrospraying is an attractive
technique widely used for the fabrication of particles based on synthetic and natural polymers that
permits to control the size dispersion and to avoid the formation of aggregations [29]. AX-based
particles with sizes ranging from nanometers to millimeters have been successfully prepared using
this technique and demonstrated promising application as encapsulating agents [4,12,28]. Previous
studies have evaluated the degradation of AX gels by a mixture of Bifidobacteria
strains (Bifidobacterium longum and Bifidobacterium adolescentis) [3] and also by a combination of
Bacteroides ovatus and Bifidobacterium longum [30]. However, the impact of highly cross-linked
AX gels on fermentation by a mixture of the three strains has not been investigated so far. Moreover,
to date, there are not reports about the effect of the fermentation supernatants of highly cross-linked
AX particles (AXP) on the proliferation of human colon cancer cells. Therefore, this study aimed
first to investigate the in vitro fermentation of AXP by a representative colonic bacterial mixture of
three strains (Bifidobacterium longum, Bifidobacterium adolescentis, and Bacteroides ovatus) and
secondly, to evaluate for the first time the effect of AXP fermentation supernatants on the
proliferation of the human colon cell line Caco-2.

2. Materials and methods
2.1. Materials

AX were extracted from a maize by-product (distiller’s dried grains with solubles) and
characterized as reported elsewhere [31]. AX presented an arabinose to xylose (A/X) ratio of 1.1, a
molecular weight of 209 kDa and a ferulic acid (FA) content of 7.53 pg/mg polysaccharide.
Laccase (benzenediol: oxygen oxidoreductase, E.C.1.10.3.2) from Trametes versicolor, and all other
chemical products were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Methods
2.2.1. AXP preparation and morphology

AXP were prepared using the electrospraying method, as described by Mendez-Encinas et al. [1].
A coaxial electrospray system (The Spraybase® electrospray device, Profector Life Sciences, Kildare,
Ireland) with a stainless-steel coaxial nozzle (Spraybase®) was used. AX solution (2% wi/v)
in 0.05 M citrate-phosphate buffer at pH 5.5 and laccase (6.7 nkat/pL) were employed. The flow
rates used were 4.0 mL/h and 0.6 mL/h for AX (inner nozzle) and laccase (outer nozzle) solutions,
respectively. The distance between the needle tip and the collector was ~15 c¢cm and the voltage
supplied was 11-13 kV. AXP were collected into mineral oil. The AXP were washed with
ethanol:water (30:70, 50:50, 70:30 v/v) to remove mineral oil. The AXP form and size were analyzed
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by optical microscopy (inverted optical microscope Zeiss Axio Vert. Al, Carl Zeiss Microscopy, Jena,
Germany) equipped with a digital camera (Axio Cam ERC 5s, Jena, Germany) using an image
analysis software (Zen 2.3 lite). The AXP mean diameter was calculated by measuring the diameter
of 120 AXP.

2.2.2. Bacteria inoculum

The bacterial strains used were Bifidobacterium longum (ATCC® 15708™), Bifidobacterium
adolescentis (ATCC® 15703™), and Bacteroides ovatus (ATCC® 8483™), purchased from the
American Type Culture Collection (Mannasas, USA). The bacteria were preserved in 10% glycerol
stock solutions at —80 <C. Propagation of bacteria was performed according to Van Laere et al. [32]
and Crittenden et al. [33] with some modifications. For bacteria propagation, Bifidobacteria were
cultivated once in fresh de Man, Rogose and Sharp (MRS) medium and twice in Bifidobacterium
Selective Medium (BSM), and Bacteroides ovatus was cultivated three times in Tryptic Soy
Broth (TSB) by inoculating 1 mL of the bacterial solution into the next solution. Afterward, the
bacteria were grown in basal media (culture media with no added carbon source), as described by
Hughes et al. [25]. The bacteria were first inoculated (0.5 mL) into glass tubes with 5 mL of basal
media containing 1% v/w arabinose/xylose (A/X, 1:1) as a sole carbon source and incubated under
anaerobic conditions at 37 <C for 24 h, and then inoculated (0.5 mL) in 5 mL of 1% AX w/v basal
media. The overnight full-grown cultures were used as an inoculum for AXP in vitro fermentation.

2.2.3. AXP fermentation

The AXP in vitro fermentation experiments were conducted as previously described by
Mart mez-Lpez et al. [3] with some modifications. AXP were autoclaved at 121 <C for 15 min and
then mixed with sterile basal media to obtain a final concentration of 5 g/L (w/v) AX as a sole carbon
source. Oxyrase (Oxyrase Inc., Mansfield, OH, USA) was added to the media in order to remove the
dissolved oxygen from the microenvironment. The media were inoculated with 4.5% v/v of a
bacterial mixture (Bifidobacterium longum, Bifidobacterium adolescentis, and Bacteroides ovatus,
ratio 1:1:1, 1 x 10° CFU/mL) and incubated under anaerobic conditions for 48 h at 37 <C. The
fermentations were performed in duplicate, and culture media with no added carbon source was used
as control. The bacterial growth was measured by monitoring the optical density (OD) of samples
immediately after inoculation and after 18, 24, 42, and 48 h of fermentation. Aliquots of 200 pL of
culture were placed in 96-well microplates, and the OD was measured at 600 nm using a microplate
reader (Thermo Scientific MultiSkan Go, Madrid, Spain). Also, the pH of the culture medium was
monitored during the experiment, and the strains were checked microscopically to exclude
contamination in the culture medium before and after the fermentation. At the end of fermentation,
the culture media was centrifuged at 16,000 < g for 15 min at 4 <C. Then, supernatant was sterilized
by filtration (0.22 pm) to give AXP fermentation supernatants (AXP-fs), which were stored
at —80 <C for further analysis.

2.2.4. Fourier-Transform Infrared (FT-IR) Spectroscopy

Infrared spectra of lyophilized AXP, AXP-fs and culture media were recorded on a Nicolet iS50
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FT-IR spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The samples were
analyzed in absorbance mode from 400 and 4000 cm™ range at 4 cm * resolution and 20 <C.
Thirty-two scans were averaged and referenced against air.

2.2.5. Molecular weight distribution

AXP and AXP-fs molecular weight distributions were determined by size-exclusion high
performance liquid chromatography (SE-HPLC) at 38 <C according to the protocol described by
Mart mez-Lopez et al. [3]. A TSK gel (Polymer Laboratories, Shropshire, United Kingdom) G5000
PWXL column (7.8 > 300 mm) was used. An isocratic elution was performed at 0.6 mL/min
with 0.1 M LiNOg (filtered 0.22 pm). 20 puL of the sample (0.1 % w/v in 0.1 M LiNOg filtered
through 0.22 pm pore size filter) were injected. Detection was done using a Waters 2414 refractive
index detector, and pullulan standards (P50 to P800) calibration curve was used for the estimation of
molecular weights. The elution profile of the culture media was also analyzed in order to identify and
compare the observed peaks.

2.2.6.  Short-chain fatty acids (SCFA) content

SCFA content was determined in AXP-fs and control (no-carbon source) as previously
described by Zhao et al. [34] with modifications. The pH of the samples was adjusted to 2 with 5 M
HCI and maintained at 25 <C for 10 min with occasional shaking. The samples were centrifuged
at 5000 rpm for 20 min, and the supernatants were recovered and centrifuged again at 13,000 x< g
for 10 min. 4-methyl valeric acid (12% v/v in formic acid) was added to the fs as an internal standard
to give a final concentration of 1 mM and injected for analysis. The SCFA analysis was carried out
using GC (Clarus 580, PerkinElmer, Waltham, MA, USA) with a flame ionization detector and a
capillarity column (Elite-FFAP 30 m <0.50 mm I.D.; film thickness, 1 jum). The SCFA concentration
was determined using calibration curves of acetic, propionic, and butyric acids. Results were
expressed in mM.,

2.2.7. Ferulic acid

FA, di-FA, and tri-FA were quantified by Reversed Phase-HPLC, as previously described [33,34]
after a de-esterification step. An Alltima C18 column (250 mm =< 4.6 mm; Alltech Associates, Inc.,
Deerfield, IL, USA) and a photodiode array detector (Waters 996; Waters Corporation, Milford, MA,
USA) were used. Detection was followed by UV absorbance at 320 nm. For free FA, di-FA, and
tri-FA determination, the same procedure was followed with no de-esterification step.

2.2.8.  Scanning electron microscopy
The surface microstructure of lyophilized AXP and residual AXP after the fermentation process

was studied by scanning electron microscopy (JEOL 5410LV, JEOL, Peabody, MA, USA) at low
voltage (20 kV). A secondary electron image mode was used to obtain the images.
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2.3. AXP fermentation supernatant antiproliferative activity
2.3.1.  Cell lines and culture conditions

The human colon cancer cell line, Caco-2 [Caco2] (ATCC® HTB-37), purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA) was grown in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino
acids, 100 U/mL penicillin, and 100 mg/mL streptomycin. The cells were maintained at 37 <C and 5%
CO; in a humidified incubator (Thermo Fischer Scientific, San Jose, CA, USA) [35] and culture
medium was renewed twice a week. The cultured cells were trypsinized (0.25% [w/v] Trypsin-0.53
mM EDTA solution) for a maximum of 7 min when they reached about 80% confluence and
sub-cultivated (1 x<10* cells/cm?) in fresh DMEM supplemented with 10% FBS. For the experiments,
cells were seeded and reached 80—90% confluence after 48 h experimental time.

2.3.2.  Determination of cell proliferation

The effect of AXP-fs on the proliferation of the colon cancer cell line Caco-2 was determined
following the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay [35] with some modifications [36]. Cells (1 > 10* cells/50 pi) were seeded in 96-well
microplates and incubated for 24 h at 37 <C in an atmosphere of 5% CO, to allow cell adhesion.
After incubation, an aliquot of fermentation supernatants (fs) in DMEM (50 i, 250 pg/mL) was
added to the cells to obtain a final concentration of 2.5% v/v and incubated for 24 h at 37 <C. Culture
media alone was used as control and the cytotoxic drug 5-fluorouracil (5-FU) was used as positive
control. In the last 4 h of the incubation period, 10 pi of MTT solution (5 mg/mL) were pipetted into
each well. The cell viability was measured by the ability of metabolically active cells to reduce
tetrazolium salt to purple formazan crystals. The resulting colored precipitates formed were dissolved
with acidic (0.4%) isopropyl alcohol. The absorbance of the samples was measured at a test
wavelength of 570 nm and a reference wavelength of 650 nm using an ELISA plate reader (Thermo
Scientific MultiSkan Go, Madrid, Spain). Results were expressed as the number of viable cells
exposed to treatments compared with the number of cells of control (medium alone).

2.4. Statistical analysis

Results of chemical analysis are expressed as means *standard deviation (S.D) from triplicates.
Data were analyzed using a one-way analysis of variance (ANOVA), and differences among means
were compared with Tukey Kramer test (p < 0.05) (NCSS, 2007, NCSS, LLC, Kaysville, TN, USA).
3. Results and discussion

3.1. AXP characteristics

The AXP primary diameter ranged between 450 and 650 m and presented an average diameter
of 533 pm. The optical micrograph of AXP showed a spherical shape and no aggregation of particles
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were observed (Figure 1). These characteristics are similar to those previously reported for AX
microspheres in the literature with an average diameter between 531 and 533 pm [1,37].

b T
0 200 400
Diameter (um)

1000

Figure 1. AXP optical microscopy image at 50x magnification (a) and diameter distribution (b).

The cross-linking content (di-FA + tri-FA) in AXP was 1.65 jg/mg polysaccharide, which is
high (0.03-0.20 pg/mg AX) in comparison to other AX gels and AX microspheres reported in the
literature [3,5,28,37] being therefore considered highly cross-linked AXP [12]. This elevated
cross-linking content can be explained by the great FA content in the AX used in the present
study (7.53 g/mg polysaccharide).

3.2. Growth of bacteria in AXP

Three strains, Bifidobacterium longum (B. longum), Bifidobacterium adolescentis (B.
adolescentis), and Bacteroides ovatus were selected to perform the in vitro fermentation of AXP as
they have been reported able to degrade this polysaccharide [2,3,16]. Bifidobacteria are well-known
probiotics, and these two species (B. longum and B. adolescentis), in particular, have been informed
to ferment AX gels [3]. In this work, the ability to ferment AXP as a sole carbon source in the
medium by a mixture of Bifidobacterium and Bacteroides strains was investigated. The growth of
bacteria on AXP samples was assessed by measuring the optical density (OD) (Figure 2) and pH of
the cultures during 48 h incubation.
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Figure 2. Growth curve of the bacterial mixture (B. longum, B. adolescentis, and
Bacteroides ovatus) during the fermentation of AXP. AXP (m); control (e, no-carbon
source).

Control and AXP samples did not show any change in pH after the incubation. However, pH
changes should not be used as an exclusive indicator of fermentation, because fermentation is not
always accompanied by a drop in pH [38]. Therefore, SE-HPLC method was also used to follow the
degradation of polysaccharide by the bacteria. Crittenden et al. [33] found that AX was efficiently
and low used as a growth substrate by B. longum and Bacteroides strains, respectively. Also, an
evident growth of Bifidobacterium breve 286 on AX from wheat was observed by Paesani et al. [39].
The degradation of AX by Bifidobacteria has been demonstrated to be strain-dependent [40]. The
structural features of AX, such as A/X ratio, the average degree of arabinose substitution, and the
presence of phenolic acids, play a significant role in the capacity of bacteria to degrade the
polysaccharide [27,41]. Lower A/X ratio were more efficiently fermented than those highly
substituted because xylanases prefer unsubstituted xylose regions, and most arabinofuranosidases act
on monosubstituted xylose residues [41]. Feng et al. [42] also reported that AX with a low
di-substituted xylan backbone are fermented faster by a porcine fecal microbiota. Moreover, the
presence of FA esterified to arabinose can decrease the fermentability of AXOS as it limits the
arabinofuranosidases activity [27]. The AXP formed in the present study, contained high amounts of
di-FA and tri-FA in comparison to fermentable AX gels reported in the literature [3]. This raised
cross-linking content in AXP could explain the weak growth of bacteria on these particles and the
partial degradation of the polymeric network. Indeed, Hopkins et al. [2] reported that FA cross-links
in AX restricted the access of xylanolytic enzymes from children microbiota resulting in a decrease
in the polysaccharide fermentation rate. Martmnez-Lpez et al. [3] also found that AX gels were
degraded more slowly (even entirely degraded) than uncross-linked AX by a Bifidobacteria mixture,
suggesting restricted access of bacteria enzymes to their target sites due to the presence of di-FA.
Similarly, Rascén-Chu et al. [30] reported the complete degradation of AX gels with a low content of
di-FA, by a mixture of Bacteroides ovatus and B. longum. At the opposite to our results, these
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previous studies reported the complete degradation of AX gels by bacterial mixtures, probably due to
their low cross-linking contents (0.3-0.4 pg/mg AX) compared with the values found for
AXP (1.65 pg/mg polysaccharide) which could limit the accessibility of bacterial enzymes to their
hydrolysis sites.

3.3. AXP-fs characterization
3.3.1. FT-IR spectroscopy

AXP and AXP-fs showed a spectral pattern similar to those found for AX and AX gels [31,43]
(Figure 3). An increase at 1414 cm™* could be associated with the CO asymmetric stretch suggesting
the presence of ester groups due to the cross-linking process [43]. The spectral pattern in the
region 1200-900 cm* is typical for polysaccharides such as AX, which is indicated by the presence
of signals at 1045 and 898 cm* attributed to the antisymmetric C-O-C stretching mode of the p-(1-4)
linkage between the xyloses units of AX backbone [44,45]. The absorbance region from 3500
to 1800 cm * corresponds to the fingerprint region of polysaccharides related to AX, with two bands
at 3400 cm * and 2900 cm * associated with the OH stretching and CH, groups, respectively [46,47].
The spectra also showed the absorption band of protein at 1548 cm™* (amide 11) [44]. These results
indicate the presence of AX in AXP-s after fermentation. The presence of unknown peaks observed
in the spectra could be related to some culture media components present in the samples.

2900 cm!
CH,

1548 cm'!
N-H

Culture
media
1045 cm-
C-OH
;898 cm’!
\ C-0-C
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AX
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm!)

Figure 3. FT-IR spectra of AX, AX gel, AXP, AXP-fs and culture media.
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3.3.2.  Molecular weight distribution

The fermentation of AXP was investigated by analyzing the molecular weight (Mw) distribution
pattern of their hydrolysis products by SE-HPLC after 48 h incubation (Figure 4). This analysis gives
information related to the degradation degree of the polysaccharide by bacteria. Figure 4a
corresponds to the Mw distribution pattern of the polysaccharide in AXP before degradation. The
elution profile of AXP-fs (Figure 4b) was similar to that registered for culture media (Figure 4c).
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Figure 4. SE-HPLC elution profiles of AX (a), AXP-fs (b) and culture media (c).
Pullulan molecular weight markers (kDa) used as calibration scales are shown at the top.

It is possible that only some sugars and polysaccharide chains of low Mw were released during
AXP fermentation and therefore not detected in AXP-fs. These findings agree with an incomplete
degradation of AXP by bacteria, which could result in the release of only a few polymer chains with
low Mw from the AXP surface. The degradation of AX gels by Bifidobacteria mixture has been
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reported previously by Martinez-Lopez et al. [3]. In this study, the authors found that the presence of
two Bifidobacterium strains (B. longum and B. adolescentis) are needed for the degradation of the gel
structure. Bifidobacteria species can produce several enzymes that are required for the degradation of
AX, such as xylosidases, arabinofuranosidases, and ferulate esterases [48]. Snelders et al. [49] found
that the presence of esterified FA in AXOS inhibited arabinose fermentation. Notably, the FA
esterified to arabinose decreases arabinofuranosidase action by a steric hindrance [50]. Thus, the high
content of FA and cross-linking structures (di-FA and tri-FA) present in AXP may have limited the
access and action of specific bacterial enzymes such as arabinofuranosidases and decrease the degree
of degradation and its subsequent fermentation.

3.3.3.  SCFA production

The production of SCFA after the in vitro fermentation of AXP by the bacterial mixture is
shown in Figure 5. These results are consistent with the findings reported above. AXP produced a
higher amount of total SCFA in comparison with the control (no-carbon source), indicating that they
were fermented by bacteria to some extent. Pastell et al. [26] found that the growth of Bifidobacteria
in AXOS correlated with an increase in acetate concentration and low pH. On the other hand, a
previous study stated that the production of SCFA decreases as the cross-linking increases in AX
gels [3]. Therefore, the low SCFA concentration detected in AXP could be mostly related to its high
cross-linking content. In general, the SCFA concentration in the samples follows the order acetate >
propionate > butyrate.
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Figure 5. Short-chain fatty acid production after fermentation of AXP by the bacterial
mixture (B. longum, B. adolescentis, and Bacteroides ovatus). AXP (fill bars); control
(empty bars, no-carbon source).

Acetic acid has been reported as the dominant SCFA produced during the in vitro fermentation

of AX gels by Bifidobacteria, followed by propionic and butyric acids as the less abundant
metabolites [3]. The high concentrations of acetate could be related to the stimulation of
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Bifidobacteria species by AX since it is the primary fermentation product of these
microorganisms [25]. Production and amount of propionic acid have been related to an increase in
Bacteroides population [51]. According to these results, AXP could be used for the development of
colon-targeted delivery carriers with slow-fermentable properties.

3.3.4. Covalent cross-linking content after fermentation

The changes in FA, di-FA, and tri-FA contents of AXP, and AXP-fs are compared in Table 1.
Besides, quantification of free FA, di-FA, and tri-FA in AXP-fs was performed to quantify the
phenolic acids released during fermentation by bacteria. Only a small amount of FA (0.02 g/mg AX)
was detected in the AXP-s, while no free FA was detected in any sample. Probiotic bacteria like
Lactobacillus and Bifidobacterium produce ferulate esterases, enzymes required to cleave the FA
esterified to arabinose in AX [2,48]. Hopkins et al. [2] reported that AX was fermented by human
fecal microbiota more rapidly than cross-linked AX, probably due to limited enzymes access to the
xylose chain. Indeed, the inhibition of endoxylanase activity by phenolic acids has been previously
reported [27]. It has been informed that the presence of high content of bound FA in AXOS slowed
down fermentation by decreasing arabinofuranosidase activity [27]. A previous study using similar
concentration of AX gels (5 g/L w/v) than that used in the present study reported that a more
compact microstructure and higher crosslinking density result in slower degradation of the
three-dimensional gel structure by fermentation with a mixture of Bifidobacterium [3]. The results
found in the present study indicate that the high cross-linking content in AXP could have limited the
access of bacterial enzymes to target cleavage sites in AX, therefore limiting the release of FA and
subsequent polysaccharide fermentation.

Table 1. Ferulic acid content in AXP and AXP-fs.

Sample FA di-FA tri-FA
po/mg AX

AXP 3.52 +0.26 1.61 +0.14 0.04 +0.01

AXP-fs 0.02 +0.00 nd nd

Control nd nd nd

*Note: nd: not detected.
3.3.5.  Surface morphology of AXP after degradation by bacteria

The surface morphology of lyophilized AXP before and after fermentation was studied using
scanning electron microscopy (Figure 6). AXP shows a spherical shape with a porous and rough
surface. Previous studies have also observed wrinkled, rugged, and assorted coatings for AX particles
and microspheres [1,12]. Although some pores can be observed on the surface, the particle exhibits a
complete and well-defined structure. Nevertheless, after 48 h incubation, the residual AXP reveals a
collapsed and disintegrated structure. Several sheet-form structures were observed in the remaining
sample after incubation, which evidences the partial degradation of AXP by bacteria.
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Figure 6. Scanning electron micrographs of the AXP surface morphology before (a) and
after (b) the in vitro fermentation by the bacterial mixture (B. longum, B. adolescentis,
and Bacteroides ovatus). Micrographs at 150> magnification.

Mart mez-Ldpez et al. [3] reported that the degradation of AX gels by Bifidobacteria resulted in
the loss of their structure and development of some cavities, which increased in number and size
with incubation time. Moreover, these authors suggested that AX gels with a more compact structure
and a higher content of cross-linking structures (di-FA) would limit the accessibility of the gel to
bacterial enzymes resulting in a slow degradation. When AX are cross-linked by di-FA bonds,
arabinose moieties are preferentially utilized by bacterial enzymes because the gel-like structure
restricts the access of xylanolytic enzymes to the xylan backbone [2]. Thus, it is possible that the
compact microstructure of AXP due to its high content of cross-linking structures (Table 1) hindered
the access of bacterial enzymes to the internal sites of the gel and only permitted the degradation of
external areas resulting in a partial degradation.
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3.4. Effect of AXP-fs on the inhibition of Caco-2 cells proliferation

Only one study has evaluated the effect of AX fermentation supernatant on the proliferation of
colon cancer cells [20], and to the best of our knowledge, the effect of AXP-fs on colon cancer cell
proliferation has not been reported so far. Figure 7 presents the inhibition of proliferation of Caco-2
cells exposed to AXP-fs. The use of dissolvent in the cell cultures caused no cell damage. AXP-fs
exerted slight inhibition of Caco-2 cells proliferation by 11%. A slight anti-proliferative effect (<20%)
on Caco-2 cells proliferation by chlorogenic acid and its microbial metabolites was previously
reported [52]. It has been widely reported the beneficial effects of SCFA, concerning their protective
effect against colon carcinogenesis development [53-55]. Also, acetate, which was the most
abundant SCFA produced during the fermentation of AXP, has anti-inflammatory properties [56].
Recently, Ohara and Mori [18] reported that SCFA, butyrate, and acetate, exerted antiproliferative
effect against human colorectal cancer cells (DLD-1 cell line) through a mechanism involving the
inhibition of genes encoding proteins involved in DNA replication and cell cycle/proliferation that
contribute to major pathways responsible for the suppression of colorectal carcinogenesis pathways.
In addition, acetate induces apoptosis in colorectal cancer cells via lysosomal membrane
permeabilization and subsequent release of cathepsin D undergoing apoptosis [19]. In this study, the
cytotoxic drug 5-FU (positive control) at the concentration of 26 pg/mL inhibited the Caco-2 cell
proliferation by 64% (data not shown). 5-FU is a drug frequently used in the treatment of colorectal
cancer that works by inhibiting essential biosynthetic processes or by being incorporated into
macromolecules such as DNA and RNA and affecting their normal function [57].

12: 5
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Figure 7. Effect of AXP-fs and control-fs at 2.5% v/v on the inhibition of Caco-2 cells
proliferation in relation to control (culture media).

Previous research found that fermentation supernatant from wheat AX generated using human
feces inhibited the proliferation of the colon cancer cell line HT29 by 75% [20]. This difference in
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the antiproliferative effect could be related to the polysaccharide structural characteristics (molecular
weight, FA, di-FA, and tri-FA content, arabinose substitution degree, among others) and the bacteria
population contained in the human feces. A deferulated or uncross-linked AX structure can be
degraded more easily by the bacteria, in comparison with a highly ferulated and cross-linked
structure. Besides, the AX fermented with human gut microbiota were exposed to a wide variety of
bacterial species, while only three pure cultures were used in the present study. AXP were not
entirely fermented by the bacterial mixture, as previously evidenced by the SE-HPLC (Figure 4) and
SEM (Figure 6) analysis. Thus, the incomplete degradation of AXP could have resulted in a limited
production of metabolites responsible for the antiproliferative effect. It is important to notice that
AXP were fermented using a bacterial mixture constituted by three pure strains, which could limit
their fermentation and subsequent production of metabolites such as SCFA and free FA. Previous
studies have demonstrated that cross-linked AX microspheres can be degraded by the intestinal
microbiota of diabetic rats [5], which could promote the production of SCFA and favor the
antiproliferative activity. However, those AX microspheres contained low amounts of
di-FA (0.04 pg/mg AX) and tri-FA (0.009 g/mg AX), facilitating their fermentation. Although the
gut microbiota comprises a wide variety of bacterial species, which can produce different enzymes
capable of degrading AX, further studies are needed to investigate the degradation of AXP by gut
microbiota. AX gels are mainly fermented in the colon by the microbiota that inhabits this site as has
been confirmed by previous in vitro and in vivo studies. Electrosprayed AX particles entrapping
Bifidobacteria and insulin were evaluated in a simulator of the human gastrointestinal tract (Simgi)
and it was found that only 24% of the insulin entrapped was lost before the particles reach the colon
compartments of Simgi, while 76% of this hormone was released in the colon. Moreover, an increase
in the Bifidobacteria population which was attributed to the degradation of the particles by these
bacteria and also to the bacteria entrapped in the particles was observed [4]. Also, the bioavailability
of insulin entrapped in AX microspheres in induced-diabetic rats was evaluated by previous research.
An hypoglycemic effect was observed between 6 and at least 24 h which confirms the slowly release
of the hormone due to the degradation of AX microspheres by bacteria in the colonic region [5].
Thus, considering that AXP could be slowly fermented in the colon, the production of beneficial
metabolites such as SCFA will increase in this area contributing to enhancing the antiproliferative
properties. The AXP could be attractive biomaterials with anticancer effect for use in the prevention
and/or treatment of colorectal cancer.

4. Conclusion

Electrosprayed highly cross-linked AX particles (AXP) presenting a mean diameter of 533 pm,
a spherical shape, and a cross-linking content of 1.65 pg/mg polysaccharide are partly fermented by
the bacterial mixture Bifidobacterium longum, Bifidobacterium adolescentis, and Bacteroides ovatus.
AXP partial fermentation generates a moderate short-chain fatty acids production (23 mM). AXP
fermentation supernatant (AXP-fs) containing short-chain fatty acids inhibits the proliferation of the
human colon cancer cell line Caco-2 cells by 11%. Electrosprayed AXP could be considered as a
biomaterial presenting slight antiproliferative properties and potential application in colon cancer
prevention. Additional studies regarding the fermentation of AXP by the gut microbiota and the
metabolites generated could lead to a better understanding of AXP mechanisms of action in colon
cancer prevention.

AIMS Bioengineering \Volume 8, Issue 1, 52-70.



67

Acknowledgments

Funding: This work was supported by the “Fund to support research on the Sonora-Arizona
region 20197, Mexico [Grant: to E. Carvajal-Millan]. The authors are pleased to acknowledge Alma
C. Campa-Mada and Karla G. Martmez-Robinson (CIAD) for their technical assistance and to J.
Alfonso S&nchez Villegas for technical assistance in the electrospray system.

Conflict of interest
The authors declare no conflict of interest.
Author contributions

Mayra A. Mendez-Encinas: Original draft preparation, Conceptualization, Methodology,
Investigation, Formal Analysis. Elizabeth Carvajal-Millan: Supervision, Project administration,
Funding acquisition, Conceptualization, Writing- Reviewing and Editing, Validation. Agustn
Rascon-Chu: Writing- Reviewing and Editing, Conceptualization, Resources, Validation. Humberto
Astiazaran-Garcia: Writing- Reviewing and Editing, Conceptualization, Validation. Dora E.
Valencia-Rivera: Writing- Reviewing and Editing, Conceptualization, Validation. Francisco
Brown-Bojorquez: Writing- Reviewing and Editing, Resources.

References

1. Mendez-Encinas M A, Carvajal-Millan E, Rascan-Chu A, et al. (2019) Arabinoxylan-based particles:
In vitro antioxidant capacity and cytotoxicity on a human colon cell line. Medicina 55: 349.

2. Hopkins MJ, Englyst HN, Macfarlane S, et al. (2003) Degradation of cross-linked and
non-cross-linked arabinoxylans by the intestinal microbiota in children. Appl Environ Microbiol
69: 6354-6360.

3. Martnez-L&ez AL, Carvajal-Millan E, Micard V, et al. (2016) In vitro degradation of covalently
cross-linked arabinoxylan hydrogels by bifidobacteria. Carbohydr Polym 144: 76-82.

4. Paz-Samaniego R, Rasccn-Chu A, Brown-Bojorquez F, et al. (2018) Electrospray-assisted
fabrication of core-shell arabinoxylan gel particles for insulin and probiotics entrapment. J Appl
Polym Sci 135: 46411.

5. Martnez-L&ez AL, Carvajal-Millan E, Sotelo-Cruz N, et al. (2019) Enzymatically cross-linked
arabinoxylan microspheres as oral insulin delivery system. Int J Biol Macromol 126: 952—959.

6. Carvajal-Millan E, Vargas-Albores F, Fierro-Islas JM, et al. (2020) Arabinoxylans and gelled
arabinoxylans used as anti-obesogenic agents could protect the stability of intestinal microbiota
of rats consuming high-fat diets. Int J Food Sci Nutr 71: 74-83.

7. lzydorczyk MS and Biliaderis CG (1995) Cereal arabinoxylans: advances in structure and
physicochemical properties. Carbohydr Polym 28: 33-48.

8. Smith MM and Hartley RD (1983) Occurrence and nature of ferulic acid substitution of
cell-wall polysaccharides in graminaceous plants. Carbohydr Res 118: 65-80.

AIMS Bioengineering \Volume 8, Issue 1, 52-70.



68

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Martmez-L&pez AL, Carvajal-Millan E, Marquez-Escalante J, et al. (2019) Enzymatic
cross-linking of ferulated arabinoxylan: effect of laccase or peroxidase catalysis on the gel
characteristics. Food Sci Biotechnol 28: 311-318.

Figueroa-Espinoza MC, Morel MH, Surget A, et al. (1999) Oxidative cross-linking of wheat
arabinoxylans by manganese peroxidase. Comparison with laccase and horseradish peroxidase.
Effect of cysteine and tyrosine on gelation. J Sci Food Agric 79: 460—463.

Carvajal-Millan E, Guigliarelli B, Belle V, et al. (2005) Storage stability of laccase induced
arabinoxylan gels. Carbohydr Polym 59: 181-188.

Morales-Burgos A M, Carvajal-Millan E, Rasc&n-Chu A, et al. (2019) Tailoring reversible
insulin aggregates loaded in electrosprayed arabinoxylan microspheres intended for
colon-targeted delivery. J Appl Polym Sci 136: 47960.

Berlanga-Reyes CM, Carvajal-Millé E, Lizardi-Mendoza J, et al. (2009) Maize arabinoxylan
gels as protein delivery matrices. Molecules 14: 1475-1482.

Hern&ndez-Espinoza AB, Pifth-Mufiz MI, Rasc&n-Chu A, et al. (2012) Lycopene/arabinoxylan
gels: Rheological and controlled release characteristics. Molecules 17: 2428-2436.
Paz-Samaniego R, Carvajal-Millan E, Sotelo-Cruz N, et al. (2016) Maize processing waste water
upcycling in Mexico: Recovery of arabinoxylans for probiotic encapsulation. Sustainability 8: 1104.
Chen Z, Li S, Fu Y, et al. (2019) Arabinoxylan structural characteristics, interaction with gut
microbiota and potential health functions. J Funct Foods 54: 536-551.

Morrison DJ and Preston T (2016) Formation of short chain fatty acids by the gut microbiota
and their impact on human metabolism. Gut Microbes 7: 189-200.

Ohara T and Mori T (2019) Antiproliferative effects of short-chain fatty acids on human
colorectal cancer cells via gene expression Inhibition. Anticancer Res 39: 4659-4666.

Marques C, Oliveira CSF, Alves S, et al. (2013) Acetate-induced apoptosis in colorectal
carcinoma cells involves lysosomal membrane permeabilization and cathepsin D release. Cell
Death Dis 4: e507.

Glei M, Hofmann T, Kister K, et al. (2006) Both wheat (Triticum aestivum) bran arabinoxylans
and gut flora-mediated fermentation products protect human colon cells from genotoxic
activities of 4-hydroxynonenal and hydrogen peroxide. J Agric Food Chem 54: 2088-2095.

Roy N, Narayanankutty A, Nazeem PA, et al. (2016) Plant phenolics ferulic acid and p-coumaric
acid inhibit colorectal cancer cell proliferation through EGFR down- regulation. Asian Pacific J
Cancer Prev 17: 4019-4023.

Janicke B, Onning G, Oredsson SM (2005) Differential effects of ferulic acid and p-coumaric
acid on S phase distribution and length of S phase in the human colonic cell line Caco-2. J Agric
Food Chem 53: 6658-6665.

Janicke B, Hegardt C, Krogh M, et al. (2011) The antiproliferative effect of dietary fiber
phenolic compounds ferulic acid and p-coumaric acid on the cell cycle of Caco-2 cells. Nutr
Cancer 63: 611-622.

Rosa LS, Silva NJA, Soares NCP, et al. (2016) Anticancer properties of phenolic acids in colon
cancer—a review. J Nutr Food Sci 6: 468.

Hughes SA, Shewry PR, Li L, et al. (2007) In vitro fermentation by human fecal microflora of
wheat arabinoxylans. J Agric Food Chem 55: 4589-4595.

Pastell H, Westermann P, Meyer AS, et al. (2009) In vitro fermentation of arabinoxylan-derived
carbohydrates by bifidobacteria and mixed fecal microbiota. J Agric Food Chem 57: 8598-8606.

AIMS Bioengineering \Volume 8, Issue 1, 52-70.



69

27,

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Snelders J, Olaerts H, Dornez E, et al. (2014) Structural features and feruloylation modulate the
fermentability and evolution of antioxidant properties of arabinoxylanoligosaccharides during in
vitro fermentation by human gut derived microbiota. J Funct Foods 10: 1-12.

De Anda-Flores Y, Carvajal-Millan E, Lizardi-Mendoza J, et al. (2020) Covalently cross-linked
nanoparticles based on ferulated arabinoxylans recovered from a distiller’s dried grains
byproduct. Processes 8: 691.

Rasc&n-Chu A, Dmz-Baca JA, Carvajal-Millan E, et al. (2018) Electrosprayed core—shell
composite microbeads based on pectin-arabinoxylans for insulin carrying: aggregation and size
dispersion control. Polymers 10: 108.

Rascan-Chu A, Martmez-Ldpez AL, Berlanga-Reyes C, et al. (2012) Arabinoxylans gels as
lycopene carriers: In vitro degradation by colonic bacteria. Mater Res Soc Symp Proc 1487: 26-32.
Mendez-Encinas MA, Carvajal-Millan E, Yadav MP, et al. (2019) Partial removal of protein
associated with arabinoxylans: Impact on the viscoelasticity, crosslinking content, and
microstructure of the gels formed. J Appl Polym Sci 136: 47300.

Van Laere KMJ, Hartemink R, Bosveld M, et al. (2000) Fermentation of plant cell wall derived
polysaccharides and their corresponding oligosaccharides by intestinal bacteria. J Agric Food
Chem 48: 1644-1652.

Crittenden R, Karppinen S, Ojanen S, et al. (2002) In vitro fermentation of cereal dietary fibre
carbohydrates by probiotic and intestinal bacteria. J Sci Food Agric 82: 781-789.

Zhao G, Nyman M, Ake Jénsson J (2006) Rapid determination of short-chain fatty acids in
colonic contents and faeces of humans and rats by acidified water-extraction and direct-injection
gas chromatography. Biomed Chromatogr 20: 674-682.

Chen L, Lin X, Teng H (2020) Emulsions loaded with dihydromyricetin enhance its transport
through Caco-2 monolayer and improve anti-diabetic effect in insulin resistant HepG2 cell. J
Funct Foods 64: 103672.

Hernandez J, Goycoolea FM, Quintero J, et al. (2007) Sonoran propolis: Chemical composition
and antiproliferative activity on cancer cell lines. Planta Med 73: 1469-1474.

Martmez-L&pez AL, Carvajal-Millan E, Miki-Yoshida M, et al. (2013) Arabinoxylan
microspheres: Structural and textural characteristics. Molecules 18: 4640-4650.

Barry JL, Hoebler C, Macfarlane GT, et al. (1995) Estimation of the fermentability of dietary
fibre in vitro: a European interlaboratory study. Br J Nutr 74: 303-322.

Paesani C, Salvucci E, Moiraghi M, et al. (2019) Arabinoxylan from Argentinian whole wheat
flour promote the growth of Lactobacillus reuteri and Bifidobacterium breve. Lett Appl
Microbiol 68: 142-148.

Riviere A, Moens F, Selak M, et al. (2014) The ability of bifidobacteria to degrade arabinoxylan
oligosaccharide constituents and derived oligosaccharides is strain dependent. Appl Environ
Microbiol 80: 204-217.

Pollet A, Van Craeyveld V, Van de Wiele T, et al. (2012) In vitro fermentation of arabinoxylan
oligosaccharides and low molecular mass arabinoxylans with different structural properties from
wheat (Triticum aestivum L.) bran and psyllium (Plantago ovata Forsk) seed husk. J Agric Food
Chem 60: 946-954.

Feng G, Flanagan BM, Mikkelsen D, et al. (2018) Mechanisms of utilisation of arabinoxylans
by a porcine faecal inoculum: competition and co-operation. Sci Rep 8: 1-11.

AIMS Bioengineering \Volume 8, Issue 1, 52-70.



70

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56

57,

Mart mez-Ldpez AL, Carvajal-Millan E, Ldpez-Franco YL, et al. (2014) Antioxidant activity of
maize bran arabinoxylan microspheres, In: Haghi A K and Carvajal-Millan E, Food
Composition and Analysis: Methods and Strategies, Toronto: CRC Press, 19-28.
Hromalkovaz, Paulsen BS, Polovka M, et al. (2013) Structural features of two heteroxylan
polysaccharide fractions from wheat bran with anti-complementary and antioxidant activities.
Carbohydr Polym 93: 22-30.

Morales-Ortega A, Carvajal-Millan E, L&ez-Franco Y, et al. (2013) Characterization of water
extractable arabinoxylans from a spring wheat flour: rheological properties and microstructure.
Molecules 18: 8417-8428.

Stepan AM, Eceiza A, Toriz G, et al. (2014) Corncob arabinoxylan for new materials.
Carbohydr Polym 102: 12—20.

Urias-Orona V, Huerta-Oros J, Carvajal-Milla E, et al. (2010) Component analysis and free
radicals scavenging activity of Cicer arietinum L. husk pectin. Molecules 15: 6948-6955.

Ou J and Sun Z (2014) Feruloylated oligosaccharides: structure, metabolism and function. J
Funct Foods 7: 90-100.

Snelders J, Dornez E, Delcour JA, et al. (2013) Ferulic acid content and appearance determine
the antioxidant capacity of arabinoxylanoligosaccharides. J Agric Food Chem 61: 10173-10182.
Hespell RB and O’Bryan PJ (1992) Purification and characterization of an
a-L-arabinofuranosidase from Butyrivibrio fibrisolvens GS113. Appl Environ Microbiol 58:
1082-1088.

Macy JM, Ljungdahl LG, Gottschalk G (1978) Pathway of succinate and propionate formation
in Bacteroides fragilis. J Bacteriol 134: 84-91.

Sadeghi Ekbatan S, Li XQ, Ghorbani M, et al. (2018) Chlorogenic acid and its microbial
metabolites exert anti-proliferative effects, S-phase cell-cycle arrest and apoptosis in human
colon cancer Caco-2 cells. Int J Mol Sci 19: 723.

Louis P, Hold GL, Flint HJ (2014) The gut microbiota, bacterial metabolites and colorectal
cancer. Nat Rev Microbiol 12: 661-672.

Mendez-Encinas MA, Carvajal-Millan E, Rascon-Chu A, et al. (2018) Ferulated arabinoxylans
and their gels: Functional properties and potential application as antioxidant and anticancer
agent. Oxid Med Cell Longev 2018: 2314759.

R Ds-Covian D, Ruas-Madiedo P, Margolles A, et al. (2016) Intestinal short chain fatty acids and
their link with diet and human health. Front Microbiol 7: 185

. Riviere A, Selak M, Lantin D, et al. (2016) Bifidobacteria and butyrate-producing colon bacteria:

Importance and strategies for their stimulation in the human gut. Front Microbiol 7: 979.
Longley DB, Harkin DP, Johnston PG (2003) 5-Fluorouracil: Mechanisms of action and clinical
strategies. Nat Rev Cancer 3: 330-338.

© 2021 the Author(s), licensee AIMS Press. This is an open access

AIMS AIMS Press article distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Bioengineering \Volume 8, Issue 1, 52-70.



