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Biocatalytical upgrading of side streams from agricultural biomass into multifunctional materials constitu-
tes a very attractive option to increase the circularity of food and material systems. We propose the design
of radical scavenging hydrogels with mechanical integrity and protective effects against reactive oxygen
species by enzymatic crosslinking of arabinoxylans (AX) with high ferulic acid content extracted from corn
fibre using subcritical water. We have compared the influence of two enzymatic systems, laccase/O, and
peroxidase/H,O,, on the biochemical structure, multiscale assembly, physicochemical properties, and
radical scavenging activity of the polysaccharide hydrogels. Peroxidase crosslinking results in instant
hydrogel formation, whereas laccase shows slower crosslinking kinetics, resulting in a more elastic gel
network. Characterization by size exclusion chromatography, small angle X-ray scattering, and
microscopy revealed structural differences in the network organization of the hydrogels produced by the
two enzymes. Laccase crosslinking leads to smaller polymeric aggregates, promoting their progressive
organization in network clusters that impact the overall ultrastructure. Conversely, the fast crosslinking
induced by peroxidase results in higher porosity and forms larger and potentially more heterogeneous
aggregates, which seem to hinder their subsequent association in clusters. Both AX hydrogels exhibit ade-
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quate biocompatibility and protective effects against in vitro cellular oxidative stress compared to an algi-
nate reference. This constitutes a proof of concept of the potential application of radical scavenging
hydrogels from agricultural side streams for biomedical and nutritional applications in wound healing, cel-
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tElectronic supplementary information (ESI) available: Composition of arabi-
noxylan extracted from corn bran (Table S1), phenolic acid profiles of native and
crosslinked arabinoxylan (Fig. S1), ion extracted HPLC-ESI-MS chromatograms
of the standard mixture and CID-MS”> spectra of ferulic acid dehydrodimers
(Fig. S2), CID-MS? spectra of ferulic acid dehydrodimers detected in native and
crosslinked arabinoxylan (Fig. S3), ion extracted HPLC-ESI-MS chromatograms
of ferulic acid dehydrotrimers (Fig. S4), molar mass distributions of native and
crosslinked arabinoxylan at higher concentrations (Fig. S5); wide-angle X-ray
scattering (WAXS) profiles of CAX solutions and hydrogels (Fig. S6). See DOI:
https://doi.org/10.1039/d2gc03331c
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Introduction

Globally, approximately 38% of food produced is lost and
wasted throughout the entire food value chain, which accounts
for 8 to 10% of the total greenhouse gas emissions."?
However, agricultural losses and food waste constitute a rich
but complex and heterogenous source of biomolecules (metab-
olites and macromolecules); this presents a valuable opportu-
nity for their biotechnological upgrading into functional
materials for a wide range of advanced applications.® In this
context, corn is the largest staple cereal worldwide, with an
annual production of 1200 million tonnes.* Corn wet milling
generates large volumes of side streams such as corn fibre
(also referred to as corn bran), which contains large volumes
of cell wall polysaccharides such as arabinoxylans (AX)
accounting for 30-50% (of dry weight) depending on the
source.” Corn bran AX holds therefore great potential as versa-
tile polymeric matrix for the development of functional
materials, due to its availability and its complex molecular
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structure in terms of the high degree of substitution of the
polymeric backbone, the presence of oligomeric decorations,
and the high abundance of hydroxycinnamic acids covalently
bound to the polysaccharide core (Fig. 1a).

Hydrogels are three-dimensional polymeric matrices that
can retain large amounts of water in their network.
Polysaccharides show great potential as matrices for hydrogel
production, due to their hydrophilic, biodegradable and bio-
compatible nature, which make them suitable for food and
biomedical applications. Polysaccharide hydrogels can be
formed through physical approaches (e.g. temperature, salt- or
pH-gelation)® or by chemical/enzymatic crosslinking.”
Hydrogels developed from plant polysaccharides (e.g. xylan,
xyloglucan and glucomannan) are non-cytotoxic and they can
be used for drug release and encapsulation of fibroblasts,
demonstrating their ability to establish or support load-
bearing biological scaffolds.® ' Upon use in biomedical appli-
cations, it is desirable that polysaccharide hydrogels combine
mechanical integrity with bioactive properties. In this direc-
tion, the use of hydrogels as radical scavenging biomaterials
against reactive oxygen species (ROS) constitutes a promising
route to mitigate oxidative stress and derived inflammation
responses in different pathogenic processes. Radical scaven-
ging hydrogels usually consist of polymeric matrices that
embed in their structure either scavenging inorganic par-
ticles'* or organic compounds such as free phenolic
moieties.">"?

Ferulic acid (FA) is the predominant phenolic group in corn
bran AX and can reach up to 4% of dry weight.'* In cereal cell
walls, FA units covalently crosslink adjacent AX chains through
dimerization reactions, forming dehydrodimers (di-FAs) and
dehydrotrimers (tri-FAs)."> As we have previously demon-
strated, feruloylated AX can be extracted with high yields from
corn bran using subcritical water extraction (SWE), maintain-
ing their polymeric structure and tuning the degree of substi-
tution depending on the extraction conditions.'® Additionally,
SWE preserves the FA moieties covalently bound to the AX,
conferring inherent bioactive properties (e.g. antioxidant
activity) to these polysaccharides'®™® that could be exploited
to design radical scavenging biomaterials. Such FA moieties
can be used for the development of stable polysaccharide
hydrogels mimicking plant cell wall formation, via dimeriza-
tion reactions using oxidative enzymes such as laccase and
peroxidase (Fig. 1b).">?° The crosslinking mechanisms by the
two enzymes are different, since the copper cluster of laccase
directly interacts with oxygen, whereas peroxidase requires
hydrogen peroxide to oxidize the substrate.”’ The distinct oxi-
dation mechanisms of the two enzymes depend on the struc-
tural features of the substrate polysaccharides, such as FA
content and branching structure, which in the end influence
the kinetics of the crosslinking reaction and the structural and
functional properties of the resulting hydrogels.**>*
Therefore, fundamental understanding of the gelation mecha-
nisms upon enzymatic crosslinking and their multiscale
assembly of the hydrogels will contribute to tailor their per-
formance, particularly for biomedical applications that need
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specific properties in terms of mechanical performance and
bioactivity.

The aim of the study is to prepare radical scavenging hydro-
gels by enzymatic oxidative coupling of AX from corn bran,
exploiting the presence of phenolic moieties covalently bound
to the polysaccharide core. This approach presents large
benefits compared to other phenolic-containing biomaterials,
as they can be prepared in a one pot biocatalytic process
without the use of external additives or catalysts. The bio-
chemical performance of laccase and peroxidase has been
monitored in terms of the changes in the monomeric and
dimeric FA profiles over time. We also studied the mecha-
nisms for in situ hydrogel formation in terms of rheological
performance and multiscale assembly from the molecular to
the microstructural level. Finally, as a proof of concept, we aim
to demonstrate in vitro the protective effects of the AX hydro-
gels against oxidative stress on human colon cells. This paves
the way for the potential biomedical application of the enzy-
matically crosslinked hydrogels as biomaterials in the preven-
tion of early stages of inflammation caused by reactive oxygen
species.

Material and methods
Materials

Corn bran was provided by Cargill Deutschland GmbH
(Krefeld, Germany). The 5-5' and 8-8' dehydrodimers of FA
were kindly gifted by Prof. Florent Allais and Amandine Léa
Flourat (AgroParisTech, Pomacle, France). All chemicals,
reagents and enzymes were purchased from Sigma Aldrich
(Stockholm, Sweden).

Extraction of arabinoxylan from corn bran

Destarching of corn bran and subcritical water extraction
(SWE) was performed on the pilot plant by Celabor (Chaineux,
Belgium), using process conditions previously developed in
our laboratory.>® Destarching was carried out by mixing the
corn bran with hot water for 4 h at 80 °C, followed by filtration
through a 25 pm sieve and manual pressing of the solid
residue resulting in a wet destarched corn bran cake. The
destarched corn bran cake was then loaded in the reactor and
mixed with tap water at a ratio of approximately 1:15. SWE
was performed for four sequential cycles of 10, 30, 60 and
90 min at 160 °C. During all the extraction cycles, water was
circulated through the biomass using a pump to ensure com-
plete mixing. The extracts obtained after each extraction cycle
were pulled together and then freeze-dried. The resulting corn
bran extract was named as CAX. The monosaccharide compo-
sition, soluble protein, and phenolic acid content of CAX is
presented in ESI Table S1.}

Enzymatic crosslinking of arabinoxylan

The crosslinking of CAX was carried out using laccase from
Trametes versicolor (EC 1.10.3.2) and peroxidase from horse-
radish (Amoracia rusticana) (HRP) (EC 1.11.1.7). CAX was
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Fig. 1 (a) Mechanism for the crosslinking reaction of ferulic acid (FA) by laccase and HRP, originating feruloyl dimers (di-FAs). (b) Molecular structure

of feruloylated AX from corn bran. Corn bran AX is composed of a (1 — 4)-linked-f-p-xylopyranosyl (Xyl) backbone, with substitutions of «-L-arabi-
nofuranose (Ara) at the C(O)-3 and/or the C(O)-2 positions, and a-p-glucuronic acid (GlcA) or its derivative 4-O-methyl-b-glucuronic acid (m-GlcA)
at the C(O)-2 position. The complexity of corn bran AX arises from further oligomeric substitutions to the Ara side chains, composed of Xyl or galac-
tose (Gal) moieties. Corn bran AX is additionally esterified to acetyl and phenolic groups. Time evolution of the depletion of FA and formation of di-
FAs during enzymatic crosslinking by (c) laccase (CAX-L) and (d) HRP (CAX-H). lon extracted HPLC-ESI-MS chromatogram of (e) CAX, (f) CAX-L and
(g) CAX-H. The mass to charge ratio of the di-FA peaks were assigned to [M — H,0 + H*].
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dispersed in ultra-pure water at room temperature at 5% (w/v) for
both laccase and HRP crosslinking. CAX solution was mixed
with laccase solution (1.675 nkat mg™" AX) for laccase cross-
linking, and with HRP solution (0.510 nkat mg™" AX) and 30%
H,0, (33 pL. mL ™" CAX solution) for HRP crosslinking, respect-
ively. The polysaccharide concentration (5% wj/v) and enzyme
dosing were selected based on preliminary optimization of the
system (results not shown).?® The hydrogels were formed at
30 °C under constant stirring (200 rpm). The laccase- and
HRP-crosslinked samples were named as CAX-L and CAX-H
respectively.

Biochemical characterization of the enzymatic crosslinking

Quantification of phenolic acids by HPLC-UV. The ester-
linked phenolic acid content of the samples was determined
by HPLC after saponification. CAX-L and CAX-H were freeze-
dried after crosslinking for 4 h and dry CAX, CAX-L and CAX-H
were saponified in dark microcentrifuge tubes (Eppendorf,
Hamburg, Germany) using 2 M NaOH (20:1, w/v) at 30 °C
overnight and then acidified by 37% HCI. The samples were
then extracted by ethyl acetate (2: 1 v/v) and the pulled extracts
were dried under nitrogen. Dried samples were resuspended in
methanol: 2% acetic acid mixture (1:1 v/v) and injected onto
the HPLC system (Waters 2695 separation module, Waters
2996 photodiode array detector; USA) coupled to a UV/Vis
detector, equipped with a C18 guard column and an SB-C18
separation column (Zorbax SB-C18 5 pum particle size, 4.6 x
250 mm, Agilent, USA) at 1 mL min~" using a gradient of 2%
acetic acid and methanol.”” Caffeic acid, p-coumaric acid,
ferulic acid, cinnamic acid, 5-5’ di-FA and 8-8’ di-FA at concen-
trations between 0.005 g L' and 0.1 g L™ were used for the
standard calibration recorded at 270 nm and 325 nm.

The time evolution of the crosslinking by laccase and HRP
was also monitored using HPLC analysis. CAX was mixed with
respective enzymes and the reaction was stopped at 5, 15 and
30 min and 1, 4, 24 and 48 h. The crosslinked samples
were then saponified and the FA and di-FA content was quanti-
fied using the same HPLC system as described above in
triplicate.

Profiling of di-FA by tandem LC-ESI-MS/MS. The identifi-
cation of FA dehydrodimers (di-FAs) was performed after sapo-
nification as described above. Saponified CAX, CAX-L and
CAX-H were suspended in 50% acetonitrile supplemented with
formic acid (0.1% v/v) and injected onto an HPLC system
equipped with an Eclipse Plus C18 column (Agilent
Technologies, Santa Clara, CA, USA) and coupled to an electro-
spray ionization mass spectrometry (ESI-MS) using a Synapt
G2 mass spectrometer (Waters, Milford, MA, USA) in positive
mode. Capillary and cone voltage were kept at 3 kv and 10 kv,
respectively. 0.1% (v/v) formic acid in water (Eluent A) and
0.1% (v/v) formic acid in acetonitrile (Eluent B) were used as
the mobile phase. The eluent program was as follows: 95% A
(2 min), 62% A (15 min), 10% A (3 min), 10% A (1 min), 95% A
(5 min) and 95% A (1 min). A standard mixture of monomeric
FA, 5-5' di-FA and 8-8' di-FA was used at 0.1 mg mL™" to deter-
mine the reference retention times of the di-FAs in the
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samples. MS? analysis was performed in positive mode with
ion collision induced dissociation (CID) using argon as the col-
lision gas. The fragmentation of the di-FAs was done using
369.1 m/z ion subjected to a collision energy of 20 eV. The
MassLynx software (Waters, Milford, MA, USA) was used for
the processing of the chromatograms and spectra.

Molar mass distributions by SEC-MALLS. The molar mass
distributions of CAX, CAX-L and CAX-H were determined by
size exclusion chromatography (SECcurity 1260, Polymer
Standard Services, Mainz, Germany) coupled to a multi-angle
laser light scattering (MALLS) detector (BIC-MwA7000,
Brookhaven Instrument Corp., US) and a refractive index detec-
tor (SECcurity 1260, Polymer Standard Services, Mainz,
Germany) termostatted at 45 °C. Freeze-dried samples were
dissolved in the SEC eluent (DMSO supplemented with 0.5%
(w/v) LiBr) at concentrations of 0.5, 1.0 and 2.0 mg mL ™", fil-
tered through nylon syringe filters (0.2 pm) and then injected
onto the SEC at a flow rate of 0.5 mL min~" with GRAM 30 and
10000 analytical columns (PSS, Mainz, Germany). Pullulan
standards (342-708 000 Da) (PSS, Mainz, Germany) were used
for the standard calibration of the size distributions. The
elution volumes from the SEC separation were converted into
hydrodynamic (Vi) using the Mark-Houwink
equation.”® The Mark-Houwink parameters for pullulan in
DMSO-LiBr are K = 2.427 x 10~* dL g~" and a = 0.6804 (Kramer
and Kilz, PSS, Mainz, Germany, private communication). The
data is presented in terms of hydrodynamic radius (Ry), corres-
ponding to the equivalent of hydrodynamic volume with v}, =
4/3nR;,>.%®

volumes

Functional and structural characterization of hydrogels

Rheology. The time evolution of the gelation by laccase and
HRP was monitored using a strain-controlled rheometer
(Discovery HR3, TA Instruments, New Castle, DE, USA) at
25 °C with a 25.0 mm parallel plate and 1 mm gap. The
respective enzyme was added to the CAX solution (5% w/v)
and mixed; H,O, addition followed in the case of HRP-cross-
linking. The mixture was then immediately placed onto the
rheometer. The edges of the samples exposed to the air were
covered with parafilm oil to prevent drying during measure-
ments. The storage (G') and loss (G”) modulus values were
monitored for 2-5 h at a frequency of 6.3 rad s™' and 1%
oscillation strain. The viscoelasticity measurements (in dupli-
cates) were carried out at the end of the gel formation using a
frequency sweep from 0.1 to 100 rad s~ and 1% oscillation
strain.

Cryogenic scanning electron microscopy (Cryo-SEM). The
morphology of the hydrogels was characterized by cryogenic
scanning electron microscopy (cryo-SEM). The hydrogel
samples prepared by high pressure freezing (HPF) using an
HPM100 system (Leica Microsystems, Wetzlar, Germany). A
piece of sample hydrogel was carefully loaded onto 6 mm
aluminum sample platelets and then frozen at high pressure
(HPF). Afterwards, frozen samples were transferred to liquid
nitrogen and stored until analysis. Prior to cryo-SEM imaging,
the frozen samples were sublimated in vacuo at —90 °C for
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30 min and then coated with Pt for 10 s. The imaging was con-
ducted using a field emission scanning electron microscopy
(FE-SEM) (Merlin, Carl Zeiss GmbH, Germany) fitted with a
PP3000T cryo-SEM preparation system (Quorum Technologies,
UK) at —140 °C using in-chamber secondary electron detector
(ETD) at acceleration voltage of 3 kv and probe current of 50
PA. The porosity values of the hydrogels were calculated by the
ratio of the total pore area of each image to the total image
area, and the area of each pore was automatically measured
using the open-source CellProfiler™ software (4.2.0).

Wide-angle (WAXS) and small angle X-ray scattering (SAXS).
WAXS/SAXS measurements were carried out using a laboratory-
based X-ray source Rigaku 003+ high brilliance microfocus
with Cu-radiation source, 4 = 1.54 A (Rigaku Corp., Tokyo,
Japan). CAX solution was measured in sealed quartz capillaries
(2 mm diameter, 0.01 mm wall thickness) (Hilgenberg Gmbh,
Germany) and the hydrogels (CAX-L and CAX-H) were analyzed
in sandwich cell holders constrained by a Kalrez O-ring
(5.28 mm inner diameter, 1.78 mm thickness) and 15 pm
Mica/Kapton windows. The WAXS and SAXS scattering was
recorded under vacuum with an approximate sample-detector
distance of 132 mm and 1084 mm, respectively, given the scat-
tering vector g-range between 0.007 < g < 0.27 A~ (where g =
(4n/2)sin () and 2 @ is the scattering angle). The calibration of
the systems was performed using the scattering from the refer-
ence sample silver behenate. The scattering from an empty
quartz capillary, quartz capillary filled water, an empty sand-
wich cell holder and sandwich cell holder with mica were
recorded as the respective background. The 2D SAXS pictures
were recorded using a Pilatus 300K detector (Dectris, USA).
The background was subtracted using the ATSAS software
package®® and the data was analyzed using the SasView
software.®

In vitro assessment of cell response to the exposure to CAX
hydrogels under oxidative stress. HT29-MTX (CelluloNet
Biobank BB-0033-00072 facility of SFR Biosciences, France)
cells were employed as the model cell line to evaluate the cyto-
compatibility of the CAX hydrogels and the response under oxi-
dative stress. We selected the HT29-MTX cell model due to its
relevance for human gastrointestinal studies and their
improved mucus layer formation, which results in better
mimicking of physiological conditions in the gut.*' Alginate
gel was used as negative control, which was formed by adding
10 pL of 10% (w/v) CaCl, to 100 pL of 2% (w/v) sodium algi-
nate, giving a final CaCl, concentration of 1%. Alginate gel was
then washed sufficiently with phosphate buffered saline (PBS)
to remove excess CaCl, and sterilized by UV. HT29-MTX cells
were cultured in T-75 tissue culture flasks (Sarstedt) with
Gibco Dulbecco’s Modified Eagle’s (DMEM-F12) medium
(phenol red, with GlutaMax, ThermoFisher) supplied with
10% (v/v) heat-inactivated fetal bovine serum (FBS) and peni-
cillin/streptomycin (P/S, 100 U mL™", ThermoFisher) in a
humidified incubator with 5% CO, at 37 °C. For sterilization,
the CAX powder was exposed to UV for 2 h, sodium alginate
solution was sterilized in an oven at 120 °C for 1 h and CacCl,,
laccase and HRP solutions were filtered through 0.2 pm
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syringe filters before crosslinking. CAX-L, CAX-H and alginate
gels were formed (50 pL) in 96-well plates by adding corres-
ponding enzymes and solutions. The plates containing the
gels were further sterilized by UV in a laminar hood for 30 min
and then washed with the DMEM/F-12 without phenol red
with 10% FBS and 100 u mL™' P/S (the medium without
phenol red) overnight at 4 °C. The washing medium was
removed before seeding the cells.

The production of cellular reactive oxygen species (ROS)
was measured using the 2',7'-dichlorofluorescin diacetate
(DCFDA/H2DCFDA) Cellular ROS Assay Kit (Abcam 113851,
Amsterdam, Netherlands). The gels were incubated with 50 pL
tert-butyl hydroperoxide (TBHP) in the medium without
phenol red at concentrations of 0, 0.15, 0.6, 3, 6, 15 and
30 mM at 37 °C for 1 h to allow the diffusion of TBHP into the
gels. The excess solution was removed before seeding the cells
at 10" cells/well. Separately, the cells were detached from the
flask with accutase (400-600 units per mL, Sigma A6964),
washed with the ROS assay working buffer, and incubated in
10 uM of DCFDA reagent at 37 °C for 30 min in the dark. The
cells were then washed with PBS and diluted to 1 x 10° cells
per mL in the medium without phenol red. A volume of 100 pL
of the cells was added onto each gel and the plates were kept
at 37 °C for 20 min for the cells to settle down. The fluo-
rescence was then measured every 30 min for 3 h at 492/
517 nm. Gels treated with TBHP and incubated only with the
cell medium were used as blank.

The viability of the cells after oxidative stress by TBHP was
determined using the Alamar Blue cell viability assay
(Invitrogen, ThermoFisher Scientific, Sweden). The cells were
seeded (1 x 10* cells per gel) on the gels equilibrated with
TBHP at corresponding concentrations, and further incubated
for 3 h. A volume of 10 pL of Alamar Blue reagent was then
added to each well, the plates were incubated at 37 °C for 2 h,
and the fluorescence was recorded at 560/590 nm using a
microplate reader (Clariostar Plus, BMG LABTECH, Ortenberg,
Germany). The TBHP-loaded gels incubated only with the cell
medium were used as blank.

Results and discussion

Laccase and horseradish peroxidase generate similar dimeric
profiles with different timeframes

The enzymatic crosslinking of feruloylated arabinoxylan has
mainly focused on the use of laccases.*>** However, the choice
of the crosslinking system (ie. laccase/O, or peroxidase/
H,0,)** and the source of the enzyme®® influence the pro-
perties of the resulting hydrogels. In this study, we compared
biochemically the distinct crosslinking mechanisms by laccase
and peroxidase, by monitoring the content of monomeric FA
and its dehydrodimers (di-FAs) during the enzymatic process.
In agreement with previous studies,'®** the phenolic acid
content of the starting CAX substrate was particularly rich in
FA, with lower content of p-coumaric acid, sinapic acid and di-
FAs such as 5-5' and 8-8' (Table 1). Other peaks were observed
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Table 1 Phenolic acid content of native and crosslinked corn bran
arabinoxylan

Phenolics (mg g~ DW) CAX CAX-L* CAX-H*
p-Coumaric acid 2.0+0.1 1.8+0.1 1.8+0.0
Sinapic acid 1.2 £0.0 0.9 +£0.2 1.2 +£0.1
Ferulic acid 36.1+1.6 13.7 £ 0.5 11.9+2.1
8-8' di-FA 0.7 £0.2 0.5+0.2 0.3£0.2
5-5' di-FA 2.6 £0.1 1.6 +0.9 1.7+0.2
Putative di-FAs” 4.4+0.3 8.5+0.2 8.9+0.3
Total 47.1+0.3 29.4+5.1 30.8+0.2

“Phenolic acid content of CAX-L and CAX-H was measured after 48 h
of the crosslinkin% to ensure the steady state in the crosslinking of AX
by both enzymes. ® The unknown di-FAs in HPLC chromatograms were
combined as putative di-FAs and their amount was estimated using
the response factor of 8-8" and 5-5' di-FAs.

in the HPLC chromatogram eluting after the 8-8 di-FA
(29.3 min) and 5-5' di-FA (40.0, 40.7 and 40.9 min), which
were not quantified due to the lack of standards (Fig. S1at).
These unassigned peaks were attributed to other forms of di-
FAs, namely the 8-O-4' and 8-5' di-FAs, as these di-FAs have
been reported to be present in corn bran AX.>° To estimate the
amount of these unknown di-FAs, we used the response
factors of the 8-8 and 5-5' di-FAs and combined those as
putative di-FAs (Table 1). CAX therefore contains considerable
amounts of putative di-FAs, accounting for 4.4 mg g~' AX,
which are expected to be involved in the enzymatic cross-
linking reaction.

Laccase and HRP crosslinking caused a significant decrease
of the monomeric FA content (Fig. S1b and Sict), oxidizing
62% and 67% of the initial FA monomers, respectively, fol-
lowed by an enrichment of the total di-FA content in CAX-L
and CAX-H (Table 1). Comparing the relative contents of the
different ferulic acid dimers upon crosslinking, the amount of
the 5-5' di-FA decreased, the 8-8' di-FA content was kept con-
stant, and the amounts of putative di-FAs increased by 2-fold.
As the total amount of formed di-FAs was not proportional to
the depletion of the monomeric FA in both CAX-L and CAX-H,
the formation of dehydrotrimers of FA (tri-FAs) from the exist-
ing di-FAs (5-5' and 8-8') may have occurred.'® Moreover, the
higher conversion ratio of monomeric FA achieved by HRP
together with the similar di-FA content to laccase, implied that
the HRP-crosslinking possibly formed higher number of tri-
FAs (as discussed later). These results demonstrate that
different oxidative enzymes are capable of oxidizing different
positions of the FA molecule, resulting in the conversion of
monomeric FA into various di-FAs and presumably tri-FAs. The
oxidation and radical coupling, however, appears to proceed
randomly as a different abundance of di-FAs has been pre-
viously reported in corn bran AX crosslinked by the same
enzymes used in our study.>?

The time evolution of the enzymatic crosslinking of CAX-L
showed that the FA content gradually decreased and became
constant approximately at 24 h (Fig. 1c). This was also the time
point when the di-FA content reached a plateau. Interestingly,
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the lower FA content of CAX-H was attained almost instantly at
5 min (Fig. 1d). It should be noted that the dosage of HRP
(0.510 nkat mg™" AX) used for the crosslinking was lower than
that of laccase (1.675 nkat mg™" AX), suggesting that HRP is a
more effective oxidative catalyst than laccase even at lower con-
centration. The results of the time evolution of crosslinking
indicated that the oxidative coupling of FA by H,O, catalyzed
by HRP is much faster than the reaction occurring via electron
transfer in a copper cluster in laccase, in agreement with pre-
vious studies.**>*?

In order to identify the unknown di-FAs observed in the
HPLC chromatograms (putative di-FAs) and potential tri-FAs,
HPLC-ESI-MS®> of CAX, CAX-L and CAX-H were analyzed
(Fig. 1e-g). In the HPLC-ESI-MS? profile of CAX (Fig. 1e) six
different forms of di-FAs were observed, and the CID-MS?
fragmentation of the peaks was assigned to the individual di-
FA peaks namely the 8-8' cyclic (C), 8-8' non-cyclic (NC), two
forms of 5-5', 8-0-4' and 8-5' NC di-FAs according to Vismeh,
et al®® (ESI, Fig. S3t). This confirmed that four different
forms of di-FAs aside from the 8-8 and 5-5' di-FAs were
indeed present in CAX. Amongst the different di-FAs, the 5-5'
di-FA had the highest peak intensity, which was in alignment
with the HPLC results. Regarding the laccase-crosslinking,
differences were observed in the HPLC-ESI-MS® spectra of
CAX-L both in the presence and the intensity of the peaks
(Fig. 1f) compared to that of CAX. The peak eluting at
9.7 min in CAX was not present in CAX-L, and the intensity of
the peaks at 11.9 and 12.9 min significantly decreased in
CAX-L. This indicated that the 8-8' C and 5-5' di-FAs con-
verted to other FA bridges with crosslinking. On the other
hand, the peak intensities of two different forms of the 8-8'
NC di-FA (10.2 and 11.6 min) and the 8-0-4' di-FA (13.2 min)
increased in CAX-L. Additional small peaks were observed in
CAX-L at 13.5 and 13.6 min, corresponding to the 8-5' C di-
FA; however, these were minor and the 8-5" NC di-FA was the
dominant form. As for the HRP-crosslinking (Fig. 1g), identi-
cal changes as in CAX-L were seen in the presence and the
intensity of the di-FA peaks in CAX-H. These results did not
explain the higher conversion ratio of FA monomers by HRP
crosslinking (67%) than that of laccase (62%). Therefore, the
presence of tri-FAs was also monitored. The molecular mass
of tri-FAs was determined as 579 g mol ' according to
Bunzel, et al.>’ and the peaks were identified by the 579 m/z
ion (ESI, Fig. S41). Compared to CAX, increased intensities of
the tri-FA peaks (10.58, 11.34, 11.68, 12.73, 13.72 and
15.01 min) were observed in CAX-L and CAX-H, verifying the
formation of tri-FAs when crosslinking was applied.
Furthermore, the presence of higher amounts of tri-FAs in
CAX-H was detected as the peak intensities were higher for
CAX-H than that for CAX-L, especially at 11.34 and 15.01 min.
This may explain the higher conversion ratio of monomeric
FA by HRP due to the formation of higher numbers of tri-FAs
as observed by HPLC. This demonstrated the successful oxi-
dation of FA monomer by laccase and peroxidase, which
resulted in similar di-FA and tri-FA profiles as shown by
HPLC-ESI-MS? analysis.
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Peroxidase and laccase distinctly influence the gelation
kinetics and the rheological properties

The development of storage (G') and loss (G”) moduli of the
hydrogels over time was studied by small amplitude oscillatory
shear (Fig. 2a). The viscoelasticity of the CAX-L and CAX-H
hydrogels at the end of the gelation reactions is shown in
Fig. 2b. When crosslinked by laccase (CAX-L), a lag phase of G'
was observed for approximately 65 min, after which a first
slight increase (between 65-90 min) was seen and then a
sharp increase followed (90 min). Eventually, a slowing down
tending to a plateau (G’ = 112 Pa) was reached at approximately
200 min. The time point at G’ started to increase corresponded
to the time point that the monomeric FA content started to
decrease and di-FA content started to increase (Fig. 1c). On the
other hand, G' of CAX-H increased instantly following the
addition of H,O, to the system, making it impossible to
measure the time development of the dynamic moduli of this
hydrogel (that is, CAX-H was already a gel when the measure-
ment was started). This, in fact, agreed with the rapid
depletion of the FA monomers and increase in the di-FA
content reported by the biochemical analyses (Fig. 1d). The
time evolution of the gelation of both CAX-L and CAX-H indi-
cated that the development of the mechanical strength of the
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Fig. 2 Rheology of native and crosslinked corn bran arabinoxylan. (a)

Time evolution of G’ and G” during gelation by laccase (CAX-L) and HRP
(CAX-H); (b) storage (G') and loss moduli (G") of CAX, CAX-L and CAX-H.
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hydrogels is directly related to the increased density of the
covalent bonds formed between FA units of the adjacent AX
chains.

The mechanical spectra of CAX-L and CAX-H after the gela-
tion reactions revealed a gel-like behavior with G’ > G” (Fig. 2b)
and G' values independent of the measured frequency (0.1-100
rad s'). The G" values were slightly dependent on frequency,
which can be attributed to physical interactions in the hydro-
gel networks.”® Comparing the mechanical spectra of the two
hydrogels, CAX-H had a higher G’ than that of CAX-L (3.5 fold)
and its G” was significantly higher (100 fold). Importantly, the
comparison of loss tangent (tans) of the two hydrogels
revealed differences in terms of their network structure. Tan
6 is described as the ratio between G” and G’ and provides
information about the network strength of materials. When
tané < 1, elastic properties prevail, indicating gel or solid-like
network; when tan§ > 1, viscous contribution is dominant,
implying fluid or liquid-like state. The tané of CAX-L was
10-fold lower than that of CAX-H, which revealed that CAX-L
had a more elastic network. This was interesting as both
CAX-L and CAX-H contained a similar number of covalent
crosslinks as revealed by the quantification of FA and di-FAs
(Table 1). We hypothesize that the distinct rheological behav-
ior of the two hydrogels can be attributed to chemical and
physical factors. First, laccase and peroxidase induce distinct
relative placement of the new crosslinks between CAX poly-
mers, where HRP may induce the covalent crosslinking of a
larger number of polymeric chains compared to laccase, as we
hypothesize from the results of the hydrodynamic confor-
mations and molar mass by SEC-MALLS. This, in turn, creates
a less organized network for CAX-H compared to CAX-L, which
may result in lower elasticity of the CAX-H hydrogel. Secondly,
the slower action of laccase progressively promotes non-
covalent interactions between polymers that can act as nucleat-
ing agents for their further supramolecular assembly in stable
aggregates, which contribute to the formation of a more elastic
network in CAX-L. These hypotheses are further discussed in
the context of the multiscale characterization of the network
structure of the hydrogels.

Laccase and peroxidase crosslinking result in distinct
multiscale network architectures

The structural and morphological properties of the CAX solu-
tion and the laccase- (CAX-L) and HRP-crosslinked (CAX-H)
hydrogels were characterized at the different length scales,
from the macromolecular to the network levels. The macro-
molecular properties of the solutions and hydrogels at a con-
centration of 0.5 mg mL ™" were analyzed by SEC with MALLS
detection, in terms of the SEC weight distributions, w(log V4,),
and the size dependence of the weight-average molecular
weight distribution, M,,(V},) (Fig. 3a). Using DMSO-LiBr as the
solvent and mobile phase of the SEC-MALLS, the molecular
dissolution of the macromolecules was promoted, without dis-
rupting the covalent crosslinks and preventing aggregative
effects common in aqueous solvents. CAX exhibited a mono-
modal size distribution centered at a hydrodynamic radius, Ry,

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Size and structure of native (CAX), laccase-crosslinked (CAX-L) and HRP-crosslinked (CAX-H) AX (a) molar mass distributions of CAX and
CAX-L; (b) experimental SAXS data and fittings with eqn (1) for CAX-L and CAX-H. An excellent agreement is achieved. Insets: scattering from CAX-L
and CAX-H showing the two components of the model; the Lorentzian with dashed line and the power-law with solid line; and (c) scanning electron
micrographs showing the microstructure of CAX-L and CAX-H at two magnifications (50 kX: above; 30 kX: below).

of 4.1 nm, corresponding with high molar mass AX popu-
lations of 8.3 x 10* Da, in agreement with previous studies.'®
Interestingly, the molar mass distribution of CAX-L displayed a
shift of the w(log V) to lower sizes compared to the native CAX
and the occurrence of a shoulder at R;, sizes over 10 nm,
together with a higher absolute molar mass [M,(V})] at a
certain hydrodynamic size (R,). The increase in My(V4)
together with the decrease in w(log V;,) indicates the presence
of covalent crosslinks between AX chains and more compact
hydrodynamic conformations of CAX-L induced by the laccase
treatment. Higher concentrations of CAX and CAX-L (1.0 and
2.0 mg mL™") were also tested in SEC-MALLS for comparison
(ESI, Fig. S57). This further confirmed the occurrence of more
compact hydrodynamic conformations following the enzy-

This journal is © The Royal Society of Chemistry 2022

matic crosslinking (CAX-L). As for CAX-H, the size distribution
could not be accurately detected by SEC-MALLS, as we believe
it was filtered out in the sample preparation step prior to injec-
tion. This may indicate the occurrence of larger covalent cross-
linked polymeric architectures in CAX-H that are filtered out
prior to SEC injection and hence prevent their analysis. This
might be partly explained by the different specificity of laccase
and HRP towards polyphenols, as laccase seems to act prefer-
entially on smaller polyphenols in early lignification stages
and HRP can act on larger polymeric moieties and lignin-
carbohydrate complexes,***° thus inducing the covalent cross-
linking of larger polymeric assemblies compared to laccase.
However, this hypothesis would still require experimental
demonstration.
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The network structure of CAX-L and CAX-H at the nanoscale
level was investigated by WAXS and SAXS. WAXS revealed that
the structure of the corn hydrogels is amorphous at the macro-
molecular level (ESI, Fig. S6t), which is related to the largely
substituted nature of corn AX that prevents backbone inter-
actions. This is different to our gels prepared using feruloy-
lated AX from wheat bran (W-AX) with low degree of substi-
tution, which show clear crystalline structures in WAXS due to
the possibility of backbone interactions, as previously
reported.>®

The SAXS intensity, I(q), was fitted with the correlation
length model described in eqn (1):

I(q)zéJrLJrB (1)
g 1+(qd)"

Here, n is the power-law exponent, A is the power-law coeffi-
cient, m is the Lorentz exponent, C is the Lorentz coefficient, &
is the correlation length for the polymer chains and B is the
background. This model is suitable for the study of the
network structure of polymeric assemblies in gel systems and
proposes correlations in two different length scales (i.e. for the
crosslinked AX polymers and the aggregates, respectively),
without considering the influence of the pores on the scatter-
ing pattern. The first term describes the power-law scattering
from larger clusters in the low g region (exponent n). The
second term, the Lorentzian, describes the scattering from
polymer chains in high ¢ (exponent m).*' The correlation
length, ¢ is the indication of the size of growing aggregates in
chemical gels.*>** The fitting of the data is shown in Fig. 3b
and the fitting parameters are presented in Table 2.

In the high g range, the high Lorentz exponents of both
hydrogels (m = 3) showed the presence of compact polymer
coils (polymer globules).** The Lorentz exponents (1) of both
hydrogels were similar, indicating similar compactness of the
individual polymer chains in these hydrogels. Interestingly,
the correlation length (&), which is used to characterize the
local chain networks in the hydrogels, was higher for CAX-H
than that for CAX-L. Therefore, CAX-H seems to form larger
polymeric assemblies compared to CAX-L, in agreement with
the previous discussion from the SEC-MALLS results.

In the low g regime, CAX-L and CAX-H may be described as
mass fractals as the power-law exponent, n of both hydrogels
was in the range of 1 < n < 3. However, comparing both
samples, CAX-L has a marked higher value of the power-law
coefficient A compared to CAX-H, which indicates that the
term in eqn (1) related to larger clusters has a more significant
contribution in the laccase crosslinked hydrogels compared to

Table 2 Fitting parameters of the correlation length model of SAXS
data and porosity from SEM analysis for of CAX hydrogels

X Porosity
n m E(A) A Cc (%)
CAX-L 2.6+0.6 29+1.7 44+15 2.6x107° 9.8+29 26.88
CAX-H 2.7+0.3 3.0+£0.6 678 1.3x107° 9.8+1.2 36.76
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the peroxidase ones. These results suggest that cluster for-
mation seems to be promoted by laccase compared to peroxi-
dase, resulting in a larger contribution to the overall gel multi-
scale structure and performance. This difference may account
for the higher network strength of CAX-L observed by the rheo-
logical measurements.

The smaller correlation length (&) but higher clustering
ability of CAX-L suggests that the slow crosslinking by laccase
induces smaller polymeric aggregates that likely facilitate their
nucleation into more organized and homogeneous network
clusters, which result in more elastic hydrogels. On the other
hand, the quick crosslinking reaction by HRP forms larger
(higher &) but potentially more heterogeneous polymeric aggre-
gates in CAX-H, which may hinder their subsequent cluster
formation and hence, result in lower clustering strength.
Overall, the SAXS results reveal the structural differences
between the CAX-L and CAX-H hydrogels at the nanometric
level, which influence their size distributions and the rheologi-
cal properties.

The microstructure of CAX-L and CAX-H analyzed by SEM is
shown in Fig. 3¢ and the total porosity values of the two hydro-
gels are presented in Table 2. Both hydrogels showed a porous
structure, with CAX-L having less porosity than CAX-H. The
lower porosity of the CAX-L hydrogel, together with the for-
mation of network clusters as revealed by SAXS measurements,
again reinforces the hypothesis of a more organized network
assembly of the corn AX chains during the slower crosslinking
reaction by laccase, which results in higher elastic properties
and a lower viscous contribution compared to CAX-H.

Corn AX hydrogels are biocompatible and provide protection
against oxidative stress

Biocompatible polysaccharide-based hydrogels have been
widely used for wound healing and tissue engineering.*>*® As
the FA motifs present in AX have antioxidant properties,*®*”™*°
we wanted to test the radical scavenging potential of corn bran
AX hydrogels targeting reactive oxygen species produced by
human colon cells. We seeded human epithelial cell line
(HT-29-MTX) on top of the CAX-L and CAX-H hydrogels and
studied their cyto-compatibility and antioxidant activity
against TBHP-induced oxidative stress compared to an alginate
gel. Polymeric alginate was selected as reference material as it
has been shown not to convey any antioxidant activity unless
depolymerized to its smaller fractions by enzymatic hydrolysis
or radiation.’*? The ROS production of the cells on alginate
gradually increased over time and with increasing TBHP con-
centration (Fig. 4a). This indicated that HT-29-MTX cells are
likely to suffer injury on alginate when exposed to oxidative
stress, as supported by the lower cell viability with increasing
TBHP concentration (Fig. 4d). On the contrary, the cells cul-
tured on CAX-L and CAX-H produced lower ROS at each time
point for all the TBHP concentrations applied (Fig. 4b and c).
This implied that both CAX-L and CAX-H were able to suppress
the ROS produced by the cells. This action of CAX-L and
CAX-H can be attributed to the feruloylation of the CAX sub-
strate, which is known to carry antioxidant activity against

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Cellular ROS production after exposure to different concentrations of TBHP (0, 0.15, 0.6 and 30 mM)-induced oxidative stress of (a) alginate
gel, (b) CAX-L hydrogel, (c) CAX-H hydrogel and (d) viability of HT-29-MTX cells after 3 h exposure to TBHP-induced oxidative stress. Statistical
differences were calculated by one-way ANOVA using Prism (9.0) and * indicate p values of <0.05.

both intracellular and extracellular ROS.”* The cell viability
measured in the presence of TBHP further confirmed the anti-
oxidant function of the CAX hydrogels (Fig. 4d). For both
CAX-L and CAX-H, the cell viability was still over 70% (85% for
CAX-L and 70 for CAX-H) with TBHP concentrations from
0.15 mM to 30 mM. The high deviation of the cell viability
values for the CAX-H hydrogels was due to the heterogeneous
surface of the hydrogel, which resulted in large background
differences in the measurements. Interestingly, the viability of
the cells in the alginate gel significantly decreased with the
increased TBHP concentration, and a cell viability of 52% was
measured on alginate containing 30 mM TBHP.

As for CAX-L alone (Fig. 4b), the ROS production gradually
increased when the TBHP concentration increased and more
importantly, it remained almost constant over the course of
the measurement for the concentrations of 0, 0.15 and
0.6 mM. When the TBHP concentration was increased to
30 mM, cells produced substantially higher ROS due to exces-
sive oxidative stress. This was also correlated with the lower

This journal is © The Royal Society of Chemistry 2022

viability of the cells at this concentration (Fig. 4d), suggesting
that the cells neither survived such high oxidative stress nor
CAX-L was able to protect cells from such high ROS amounts.
CAX-H, on the other hand, yielded rather constant values in
terms of ROS production with increasing TBHP concen-
trations. Furthermore, the ROS production at the highest
TBHP concentration (30 mM) was lower than that observed for
CAX-L, suggesting a higher antioxidant activity of CAX-H than
CAX-L. This may be attributed to the higher porosity of CAX-H,
which provides a larger surface area to scavenge ROS.

Overall, the hydrogels produced by the crosslinking of corn
bran F-AX protected HT-29-MTX cells against oxidative stress
induced by lower concentrations of TBHP. This protection was
higher in the case of CAX-H, while CAX-L provided a more
elastic gel network. Therefore, we speculate that CAX-H would
provide better resistance to cells against oxidative stress by
triggering their antioxidant defense systems, whereas CAX-L
might provide a better load-bearing scaffold for biomedical
applications due to its higher network elasticity. To the best of
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our knowledge, F-AX hydrogels have not been tested for their
potential against oxidation in direct contact with cells. Thus,
we anticipate that the results of the present study would have
important implications for future biomedical and nutritional
applications of feruloylated AX hydrogels.

Biomedical applications of polysaccharide-based hydrogels
are limited due to their weak mechanical properties, which are
usually enhanced by blending with other polymers®* or by pro-
cessing techniques®® to provide durable scaffolds. Our enzy-
matically produced hydrogels exhibit comparable rheological
properties to those produced as such polysaccharide compo-
sites/processed materials,>*>® without a need for additional
treatments. It is well known that oxidative stress hinders the
healing of chronic wounds.*® Our polysaccharide hydrogels
could be then used as matrices for wound healing since they
would prevent oxidative stress and facilitate the healing
process as well as providing mechanically strong matrices. On
the other hand, cereal AX are well known dietary fibres that are
remain undigested in the upper gastrointestinal tract, but can
be fermented by beneficial bacteria when they reach the colon
exhibiting prebiotic properties.”’”® Our corn AX hydrogels
could be then used in nutritional applications for controlled
delivery of active compounds (e.g. probiotics and drugs) to the
gut, combining the prebiotic properties derived from their fer-
mentation by beneficial gut bacteria and their radical scaven-
ging activity protecting epithelial gut layers against oxidative
processes, thus modulating gut microbiota and improving gut
health.

Conclusions

We have demonstrated in vitro the protective effect against cel-
lular oxidative stress of hydrogels prepared from corn bran fer-
uloylated arabinoxylans using laccase/O, and peroxidase/H,0,
crosslinking. The proposed chemo-enzymatic process to gene-
rate the hydrogels from corn fibre offers multiple environ-
mental and functional advantages over other routes. On one
side, it utilizes a widely available side stream from the primary
sector (corn fibre). On the other hand, the extraction process
by subcritical water is energy efficient, industrially scalable,
and environmentally benign, as it only uses water as solvent
without additional chemicals or catalysts. Finally, the oxidative
biocatalytical route by laccase/peroxidase is extremely mild
(operates at room temperature and water) and only requires
minimal addition of cosubstrate (O, and H,0,). Peroxidase
induced gelation occurred strikingly faster than that by laccase
and the conversion of monomeric ferulic acid to its dehydrodi-
mers and dehydrotrimers was slightly higher. Rheological ana-
lysis showed that the hydrogel network formed by laccase
crosslinking was more elastic than that obtained by peroxi-
dase. Size chromatography, small angle X-ray scattering, and
microstructure analyses suggested the formation of larger
covalent crosslinked polymer aggregates and a more hetero-
geneous cluster network when peroxidase was used as the
crosslinking enzyme. Conversely, the laccase-formed hydrogel
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was composed of smaller polymeric aggregates with higher
clustering ability, potentially induced by the slower cross-
linking kinetics of this enzyme system. The applicability of the
two hydrogels was tested in terms of the protection against oxi-
dative stress on human colon cells as compared to alginate gel
as a reference. Both laccase- and peroxidase-crosslinked hydro-
gels exhibited scavenging activity of chemically induced oxi-
dative stress, indicating their protective potential in cell appli-
cations under oxidative stress. In terms of the antioxidative
potential, the peroxidase-crosslinked hydrogel showed higher
protection against oxidants. Therefore, both laccase- and per-
oxidase-crosslinked AX hydrogels show large potential for bio-
medical and nutraceutical applications due to their combined
mechanical strength, antioxidant potential and biocompatibil-
ity, which could be exploited for wound healing, cellular
damage repair, and targeted delivery of functional compounds
(i.e. probiotic bacteria and biological drugs) to the gut.
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