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ARTICLE INFO ABSTRACT

Keywords: This work reports on the influence of plant seed gum (PSG) from alfalfa (Medicago sativa L.) and flaxseed (Linum
Cryogel usitatissimum L.) on cryogels based on sodium caseinate (NaCas), whey protein isolate (WPI), and their combined
L. rhamnosus GG mixture in embedding the probiotic Lacticaseibacillus rhamnosus GG (LGG). A significant preservation of LGG cell
Is:lo‘fifz digestion viability was achieved during the xero-structuration process. Among the materials tested, sodium caseinate was
Adhesion 8 the standout, most effectively preserving LGG’s biological activity across varying temperature and humidity

conditions. Elevated storage temperature and relative humidity conditions accelerated LGG inactivation rates,
especially in the case of WPI (in the presence or absence of PSG), which was primarily attributed to increased
metabolic activity due to the changes in the xero-scaffolds’ physical state. Moreover, the specific protein type
used played a pivotal role in determining LGG’s survival rates during simulated gastrointestinal digestion pro-
cesses. In adhesion tests using a Caco-2/HT-29 co-culture model, LGG showed the highest adhesion found in
NaCas. Interestingly, except for NaCas, adding PSG augmented LGG’s bioadhesion capabilities, with flaxseed
gum showing the highest enhancement in adhesin-mucin interactions. The research also underscored the release
of bioactive peptides, which displayed a range of health benefits including antimicrobial and antioxidant

Bioactive peptides

properties.

1. Introduction

Galactomannans and mucilages are the most prevalent gums found
in the endosperm and outermost seed coat layer of plant seeds, respec-
tively (Cakmak et al., 2023; Kontogiorgos, 2019; Lira et al., 2023; Pra-
japati et al., 2013; Qian, Cui, Wu, & Goff, 2012; Soukoulis, Gaiani, &
Hoffmann, 2018; Wu, Cui, Eskin, & Goff, 2009). It was previously
demonstrated that the endosperm of alfalfa seeds (Medicago sativa L.) is
rich in a galactomannan (mannose-to-galactose ratio ~ 1.18), which
exhibits satisfactory thickening, gelling and cryogel-forming properties
(Hellebois, Gaiani, Cambier, Noo, & Soukoulis, 2022; Hellebois, Sou-
koulis, et al., 2021). On the other hand, flaxseed (Linum usitatissimum L.)
is one of the most studied plant seed mucilages composed of a high
molecular weight (>1500—2000 kDa) arabinoxylan (AX) fraction, a low
molecular weight (<500 kDa) rhamnogalacturonan-I based fraction and
two intermediate molecular weight (500—2000 kDa) AX—RG-I
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composite fractions (Hellebois, Fortuin, et al., 2021). Heretofore, flax-
seed gum has been successfully employed as food thickener, gelling and
stabilising agent (Liu, Shim, Tse, Wang, & Reaney, 2018), whereas its
immunoregulatory, anti-glycaemic, anti-lipidemic and anti-obesity
functions have been well documented (Luo et al., 2018; Mueed et al.,
2022).

Numerous studies have highlighted that imbalances in the gut
microbiome are tied to a range of health issues, including chronic
inflammation, obesity, type-II diabetes, various cancers, and irritable
bowel syndrome (IBS) (Torres-Fuentes, Schellekens, Dinan, & Cryan,
2017; Venema & Carmo, 2015). A common treatment is the use of
probiotics, sometimes combined with soluble dietary fibres. The Inter-
national Scientific Association for Probiotics and Prebiotics (ISAPP)
defines “probiotics™ as specific microbial species that, when adminis-
tered in adequate amounts confer a health benefit on the host (Hill et al.,
2014).
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Encapsulation, i.e., the physicochemical entrapment of bioactive
compounds and/or living cells (such as probiotics) in bespoke soft
matter templates, is widely employed for the oral delivery of probiotics.
Dry particulates, hydrogels, bigels, and cryogels have been designed to
protect the cells against physical and chemical stressors (Cook, Tzortzis,
Charalampopoulos, & Khutoryanskiy, 2012; Garcia-Brand et al., 2022;
Gu et al., 2022; Haji, Cheon, Baek, Wang, & Tam, 2022). A range of
biopolymers, including proteins, starch and its derivatives and various
gums as will, have been deployed for crafting the wall material of pro-
biotic formulations (Burgain, Gaiani, Cailliez-Grimal, Jeandel, & Scher,
2013; sekhavatizadeh, Pourakbar, Ganje, Shekarfroush, & Hosseinza-
deh, 2023; Zhu et al., 2023). The use of binary protein — polysaccharide
wall materials is known to enhance the mechanical and barrier (i.e.
oxygen and water vapour permeation) properties of the carrier matrix,
thereby enhancing the survivability of the probiotic cells during storage,
allowing their targeted release and mediating their adhesion to the gut
mucosa layer (de Melo Pereira, de Oliveira Coelho, Magalhaes Junior,
Thomaz-Soccol, & Soccol, 2018; Sanders & Marco, 2010).

Cryogels are macroporous carriers of customisable microstructure,
mechanical strength, and high biocompatibility and biodegradability
crafted through the freeze-drying a polymeric precursor specifically
physically or chemically cross-linked to form hydrogels (Lozinsky, 2018;
Manzocco, Mikkonen, & Garcia-Gonzalez, 2021). Cryogels offer multi-
faceted applications in the food industry such as the encapsulation and
targeted delivery of bioactive compounds and living probiotic cells
(Fontes-Candia et al., 2022; Hellebois, Canuel, Leclercq, Gaiani, &
Soukoulis, 2024; Kleemann, Selmer, Smirnova, & Kulozik, 2018, 2020;
Manzocco et al., 2021; Volkova & Berillo, 2021). It was recently
demonstrated that milk protein based cryogels are excellent carriers to
promote the biological activity of Lacticaseibacillus rhamnosus GG cells
during the cryostructuration process and against diverse physicochem-
ical stressors associated with storage and in vitro digestion (Hellebois,
Canuel, et al., 2024). The incorporation of soluble dietary fibres such as
pullulan (Sun et al., 2021) and sodium alginate (Kuo, Clark, Qin, & Shi,
2022) in freeze-dried hydrogels was associated with enhanced surviv-
ability of the embedded probiotic cells (L. plantarum or L. acidophilus and
B. lactis, respectively) during processing, storage and in vitro digestion.

In the present work, we aimed to provide insights into the functional
role of plant seed derived gums as co-structuring wall material in milk
protein cryogel templates for the oral delivery of probiotic cells. In view
of this, alfalfa and flaxseed gums were assessed for their ability to pre-
serve the survivability of Lacticaseibacillus rhamnosus GG living cells,
under controlled storage and in vitro digestion simulated conditions and
mediating their bioadhesion into a Caco-2/HT-29 mucin producing co-
culture cell model of the intestinal epithelium. In addition, the poten-
tial of the probiotic cryogels in providing supplementary health benefits
associated with the release of bioactive peptides was assessed by means
of omics tools.

2. Materials and methods
2.1. Materials

Whey protein isolate (WPI) powder (PRODIET 90 S) with a protein
content of 85.8% wt. (wet basis) was kindly donated by Ingredia (Arras,
France). Sodium caseinate (NaCas) containing 89.4% wt. Of protein (N
% x 6.25, wet basis), glucose (99.5% wt.) and glycerol (99.9% wt.) was
purchased from Sigma-Aldrich (Leuven, Belgium). Trehalose (99.4%
wt.) was obtained from Louis-Francois (Croissy-Beaubourg, France). The
De Man, Rogosa and Sharpe (MRS) culture media was purchased from
Carl Roth (Karlsruhe, Germany). The probiotic strain Lacticaseibacillus
rhamnosus GG (LGG) ATCC 53103 used was purchased from VTT
Technical Research Centre of Finland Ltd (Espoo, Finland). All the other
chemicals used were of analytical grade.
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2.2. Preparation of the Lacticaseibacillus rhamnosus GG embedding
cryogel monoliths

The procedure for preparing the milk protein-based cryogels is
detailed in Hellebois et al. (2023). Briefly, a solution was formulated
with 10% wt. in protein content consisting of sodium caseinate (NaCas),
whey protein isolate (WPI), or a binary (1:1) mixture of NaCas and WP,
in addition to 5% wt. trehalose, 2.5% wt. glycerol, and 1% wt. glucose.
After undergoing heat treatment at 80 °C for 20 min, either alfalfa seed
gum (AAG) or flaxseed gum (FG) was incorporated into the hot protein
solution at concentrations of 0.1% or 0.5% wt., before being left to
solubilise overnight. Subsequently, the protein solutions were gelled via
indirect acidification by LGG (end of the exponential phase) fermenta-
tion at approximately 9.3 logCFU.mL™! for a period of 4 h at 37 °C.
Finally, the solutions were frozen at —80 °C for 2 h and then freeze-dried
for 40 h (Hellebois et al., 2023).

2.3. Viable Lacticaseibacillus rhamnosus GG quantification

The total viable counts (TVC) of LGG were determined utilising the
method delineated in Hellebois, Addiego, Gaiani, Shaplov, and Sou-
koulis (2024). Concisely, aliquots, each constituting either 1 mL of the
inoculated protein solution at t = 0 min, 1 mL of the fermented hydrogel
att =240 min, 1 g of freeze-dried cryogels, or 1 mL of digestive chymes,
were serially diluted by a factor of ten in phosphate-buffered saline
(PBS). These diluted solutions were subsequently cultured on MRS agar
plates. To simulate microaerophilic conditions, the plated sample was
overlaid with a fine layer of MRS agar, followed by incubation at 37 °C
for 48 h.

2.4. Lacticaseibacillus rhamnosus GG storage stability

To assess the storage stability of LGG cells, freshly produced cryogel
monoliths were transferred into hermetically sealed Nalgene acrylic
desiccator cabinets (Thermo Fisher Scientific, Waltham, MA, United
States). The effect of the physical state of the cryogels (glassy vs.
rubbery) was tested using saturated salt solution — LiCl (a,, = 0.11) and
NaCl (ay = 0.75) - at a constant temperature of 20 °C. The effect of the
temperature was assessed in the glassy state using LiCl saturated salt
solution at 5, 20 and 37 °C. The resulting LGG inactivation data was then
fitted to the Weibull’s model (van Boekel, 2002) as follows:

where t is the corresponding time (d), S(t) the LGG survival ratio (N¢/
Ninitial) at t days, o a constant describing the time (in days) required to
observe a reduction of 0.434 logCFU.g_1 of the initial counts (Njpital)
and p a constant describing the model’s curvature. From Eq. (1), can be
obtained the following equation:

1
Chelf-life = (x( - ln(]O’((Nmiuu\)*ﬁ))ﬁ) (2)

Where a and p are analogous with Eq. (1), tshelt.ife is the shelf-life (i.e.
reduction to 6 logCFU. g’l) time (in days) and Nijp;tial the LGG counts at t
= 0 day. Due to the limited bacterial loss during the storage, a first-order
kinetic model (Eq. (3)) was applied in the case of cryogels stored at 5 °C
ay 0.11 as follows:

logN, =1logN — kt 3

initial
Where Np and N; are the number of living LGG cellsatt=0dayand t =t
day, respectively and k the inactivation rate constant (day ). From Eq.
(3) the shelf-life (in days) was calculated as follows:

lo, Nin ial ) — 6
Cohelf-life = % (C))
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Where tghelriife and Nipitia are analogous to Eq. (2) and k is analogous to
Eq. (3).

2.5. Invitro digestion

2.5.1. In vitro digestion protocol

The INFOGEST v2.0 in vitro simulated digestion protocol (Brodkorb
et al,, 2019) was implemented to access the protein hydrolysis and
microstructure as well as the bacteria viability. Minor modifications to
the protocol were applied and are specifically described in our previous
study (Hellebois, Canuel, et al., 2024).

2.5.2. Microscopical assessment of the digesta

To monitor the colloidal changes of the proteins as well as qualita-
tively visualise the bacterial lethality during the in vitro digestion, ali-
quots (1 mL) of gastric (t = 120 min) and intestinal (t = 120 min) chyme
suspension were non-covalently stained and the following fluorophores
were used: 10 pL of 0.05% Fast Green for proteins, 1.5 pL of 3 mM Syto9
for living cells, and 1.5 pL of 20 mM propidium iodide for inactivated
cells. Three hundred microliters were then transferred onto eight-well
Nunc Lab-Tek II microscope slides and were microscopically assessed
using a x 40 objective lens mounted on a confocal laser scanning mi-
croscope (LSM 880 with Airy scan, Zeiss, Jena, Germany).

2.5.3. Proteomic and peptidomic analyses

The cleavage of the proteins in the intestinal (t = 120 min) chymes
was monitored by capillary sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The electrophoresis was run using a Bio-
analyzer 2100 with the protein 80 chip kit following the manufacturer
instructions (Agilent Technologies, Santa Clara, CA, United States). The
gels were reconstructed using 2100 Expert software (Agilent Technol-
ogies, Santa Clara, CA, United States).

To determine the production of peptides from the milk proteins at the
end of the in vitro digestion, 10 mL aliquots of homogeneous intestinal
chymes were centrifuge-filtered. Amicon tubes (Merck, Darmstadt,
Germany) equipped with a filter cut-off of 10 kDa were used to remove
the uncleaved proteins. Then, 1 mL of the filtrates obtained were
vacuum-dried (CentriVap, Labconco, Kansas City, MO, United States)
and analysed using nano-liquid chromatography — mass spectrometry
(nano-LC-MS) analyses following the method described in Hellebois,
Addiego, et al. (2024). The significant peptide sequences (score >50)
obtained were then compared to the bioactive peptide database
BIOPEP-UWM (Minkiewicz, Iwaniak, & Darewicz, 2019).

2.5.4. Mucoadhesion behaviour of Lacticaseibacillus rhamnosus GG cells

2.5.4.1. Preparation of the intestinal epithelium coculture model. The
human colon cancer Caco-2 cell line sub-clone TC7 (Caco-2/TC7) and
HT29-MTX cells lines were maintained in Dulbecco’s Modified Eagle
Medium-Glutamax (DMEM-Glutamax, Invitrogen, Merelbeke, Belgium)
supplemented with 10% fetal bovine serum (Invitrogen, Merelbeke,
Belgium) at 37 &+ 0.5 °C in 10% CO5 atmosphere in a humidified incu-
bator. Their co-culture was initiated by seeding the cells at a 90:10 ratio
(Caco-2/TC7 and HT29-MTX respectively) and were grown for 14 days
at 37 + 0.5 °C in a 10% CO4 humidified incubator (Georgantzopoulou
etal., 2016). The medium was replaced every two days. At the end of the
14 days of differentiation the medium was discarded, and the differen-
tiated co-culture cell line was washed with PBS. To prevent the digestion
of the Caco2/HT29 epithelium model in the presence of the intestinal
enzymes (trypsin), the cells were fixated using 2.5% vol. glutaraldehyde
in PBS for 30 min at 25 + 1 °C. The glutaraldehyde was washed-out by
sequential PBS washings.

2.5.4.2. Assessment of adhered Lacticaseibacillus rhamnosus GG cells. To
investigate the adhesion potential of the LGG cells on the intestinal
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epithelium, PBS was replaced by intestinal chymes (t = 120 min) of the
cryogels i.e. 300 pL in eight-chambered microscope slides (Nunc Lab-
Tek II, Thermo Fisher Scientific, Waltham, MA, United States) or
2500 pL in six-well microplates (Corning, Corning, NY, United States)
for the microscopic assessment and TVC, respectively. After 120 min of
incubation at 37 + 1 °C in an orbital shaker (100 rpm) (Swiqtecka,
Matgorzata, Aleksander, Henryk, & Elzbieta, 2010), the systems were
washed twice with PBS. The microscopic evaluation of the adhesion of
the bacteria onto the mucosa was assessed in wet conditions using a x 40
objective mounted on a CLSM microscope (LSM 880 with Airy scan,
Zeiss, Jena, Germany). Fast Green, SYTO9, and propidium iodide were
added as staining agents for protein, viable and inactivated LGG cells,
respectively. Simultaneously, a twin system was immobilised using a
2.5% volume of glutaraldehyde in PBS for a duration of 30 min at a
temperature of 25 + 1 °C. The solvent was replaced through a sequential
washing process, transitioning from water to ethanol, with concentra-
tions of 10, 30, 50, 70, and 90% employed once, and 100% ethanol
three-fold. To preserve the tissue integrity, an etha-
nol—hexamethyldisilazane (HMDS) solvent exchange was performed.
The system was washed once with 10, 30, 50, and 70% HMDS, followed
by three washes with 90 and 100% HMDS. The solvent was evaporated
overnight at room temperature, and the systems were then affixed to a
carbon tape, coated with a 5 nm layer of platinum using an ACE 600
coating system from Leica Microsystems (Wetzlar, Germany) and stored
in a desiccator to prevent water absorption until further use. Scanning
electron microscopy (SEM) was conducted using a field emission scan-
ning electron microscope (SU-70, Hitachi, Tokyo, Japan). The acceler-
ation was set to 5 kV, with a working distance of 15 mm and a
magnification of x 5000.

To enumerate the cultivable adhered LGG cells, the epithelium
model was mechanically disrupted in PBS, allowing the bacteria to be
released. Subsequently, the bacteria suspensions were plated onto MRS
agar medium, which was then overlaid with a second layer of MRS agar.
The plated samples were incubated at a temperature of 37 °C for a
duration of 2 days.

2.6. Statistical analyses

The normal distribution of the data was assessed using the Shapiro-
Wilk test and Q-Q plot visual representations. To identify significant
variances, a one-way ANOVA was conducted employing the Origin
2019b software (OriginLab Inc., Northampton, MA, United States).
Upon detecting significant differences (p < 0.05), Tukey’s post-hoc test
was employed to differentiate between mean values.

3. Results and discussion
3.1. Viability of the Lacticaseibacillus rhamnosus GG during freeze-drying

The impact of the biopolymer composition on the viability of LGG
throughout the cryostructuration process (i.e. hydrogel formation and
freeze-drying) is illustrated in Fig. 1. According to the ANOVA findings,
only the protein type was significantly influential on the total viable
counts of LGG, with the survivability rates being proportionally
increasing to the increase in the NaCas to WPI mass fraction (myacas/
wpn)- As expected, the fermentation of the precursor solutions was
associated with a significant — yet minor — increase in the TVCs of LGG, i.
e. from 10.16 to 10.31 logCFU.g~'. On the other hand, the freeze-drying
of the hydrogel precursors was accompanied by a significant (p < 0.001)
reduction in the TVCs of LGG ranging from 9.79 to 10.36 logCFU.g~!
with the highest cellular sublethality being observed in the cryogels
exerting the lowest myacas/wpr- The survival rates of LGG during the
freeze-drying step ranged from 41.7 to 83.2%, which is in keeping with
the reported survival rates in protein — polysaccharides freeze-dried
microtemplates (Oluwatosin, Tai, & Fagan-Endres, 2022).

As illustrated in the SEM micrographs (Fig. 2) in the absence of the
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Fig. 1. Lacticaseibacillus rhamnosus GG viably counts (logCFU.g~", expressed on dry basis) after inoculation of the protein solution (Solution), following 4 h of
fermentation at 37 °C (Hydrogel) and after 40 h of freeze-drying (Cryogel). Plain bars: sodium caseinate (NaCas)-based cryogels, dashed bars: whey protein isolate
(WPI)-based cryogels, dotted bars: Mixed protein cryogel with NaCas:WPI ratio of 1:1 (N1:1 W). AAG 0.1 and AAG 0.5: alfalfa gum at 0.1 and 0.5% wt., respectively.
FG 0.1 and FG 0.5: flaxseed gum at 0.1 and 0.5% wt., respectively. *“Different letters denote a significant (p < 0.05) difference between the protein type at the same
state (lowercase) and for the different states for the same sample (uppercase) according to Tukey’s post hoc means comparison test.

k) &

x5000 (17 x 17 pm?)
Fig. 2. Scaning electron microscopy images of sodium caseinate (A), mixed
sodium caseinate — whey protein isolate at 1:1 ratio (B) and whey protein
isolate (C)-based cryogels. Gum free systems are represented in “1”, cryogels
containing alfalfa gum (AAG) at 0.1 and 0.5% in 2 and 3 and flaxseed gum (FG)

at 0.1 and 0.5% in 4 and 5, respectively. For illustration purposes, the LGG cells
were coloured in blue.

PSGs, the probiotic cells were well embedded into the protein-based
skeleton of the cryogels with only few LGG chains residing on the
outer surface. Interestingly, the inclusion of the PSGs in the cryogel
precursors (hydrogels) resulted in an increase in the number of bacterial
cells being deposited on the air — matrix interface (Fig. 2). The CLSM
assisted visualisation of the microstructure of the probiotic solutions
(Fig. 3) revealed that although the LGG cells show a preferential local-
isation in the protein-rich microdomains, the occurrence of segregative
phase separation pushes some of the bacterial chains to the protein —
PSG interface (most probably due to their differences in the osmotic
pressure), which are ultimately immobilised during the indirect gelation
process. These protein — PSG interface located bacteria appear to be the
most sensitive to cellular damage taking place during the cryogenic
processing (ice crystallisation of the PSG-rich aqueous pockets) and ice
sublimation (dehydration is faster in the porogen microdomains). This
may explain why the inclusion of the PSGs resulted in a higher (yet non-
significant) reduction in the TVCs of LGG during the freeze-drying.

It is well demonstrated that the ability of the solutes to affect the
colligative properties of the polymeric precursors as well as the ice
crystal nucleation and ripening during the cryogenic processing step are
inextricably associated with the achieved lyoprotective effects. In gen-
eral, the frozen storage — glass transition temperature interval, i.e. AT =
Ty — Ty, is a significant determinant of the probiotics lethality due to the

Hydrogel

Solution

Fig. 3. Representative CLSM micrographs — WPI containing 0.1% of FG — of
LGG cells localisation in milk protein-gum systems before and after lactic acid-
induced gelation. Scale bar: 20 pm. Protein are stained in blue (fast green),
living and dead bacteria in green and red, respectively. The gum microdomains
are represented in black (unstained).
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disruption of the cell membrane stemming from the uncontrolled growth
of the ice crystals and the osmolytic stress (Guerrero Sanchez, Passot,
Campoy, Olivares, & Fonseca, 2022; Kuo et al., 2022). As it was
observed in our previous work (Hellebois, Addiego, et al., 2024), the
measured Ty values for the gum-free systems was in the range of —34 to
—36 °C, implying their complete vitrification under the implemented
freezing conditions. In addition, the presence of the gums did not induce
any remarkable change in the Ty values, due to their high effective
molecular weight, which may also explain their non-significant impact
on the attained lyoprotective effectiveness.

The presence of macromolecular lyoprotectants, i.e. compounds able
to preserve the cells membrane fluidity during the dehydration process
by binding water via hydrogen bonding in the vicinity of the polar
interface of the phospholipid bilayer is another factor associated with
the preservation of the biological activity of probiotics during lyophili-
sation (Aschenbrenner, Foerst, & Kulozik, 2015). In general, poly-
saccharides exert higher solvent (water) affinity compared to proteins
due to the higher prevalence of polar side groups able to bind water via
hydrogen bonding i.e., -OH and —-COOH. Although, some differences in
the water affinity of the FG and AAG have been previously reported, i.e.
Kpuggins = 0.63 and 0.85, respectively (Hellebois, Fortuin, et al., 2021;
Hellebois, Soukoulis, et al., 2021), it was not possible to identify any
clear association with the survivability of LGG, which could be ascribed
to their quite low mass fraction (mpgg = 0.5-2.6 g.100 g~ dry solids).
On the contrary, a good correlation between the surface hydrophobicity
(i.e. 2.65 and 3.65 pg SDS.500 pg~! for NaCas and WPI, respectively)
(Hiller & Lorenzen, 2008) and the solvent affinity (i.e. kjuggins = —1.33
and —0.04 for NaCas and WPI, respectively) (O’Sullivan, Arellano,
Pichot, & Norton, 2014) of the milk proteins and the survivability of
LGG was found, suggesting that NaCas is more effective in binding water
molecules than WPI. In keeping with this it was previously demonstrated
that the NaCas based cryogels exhibited a higher water vapour sorption
capacity compared to their WPI counterparts (Hellebois, Addiego, et al.,
2024).

3.2. Storage stability of Lacticaseibacillus rhamnosus GG

To assess the ability of the engrafting xero-scaffolds to preserve the
biological activity of the LGG cells under diversified static storage con-
ditions, the probiotic cryogels were transferred into temperature (5, 20
and 37 °C) - relative humidity (11 and 75%) controlled cabinets and
stored for 100 days. The LGG cell inactivation dynamics are illustrated
in Fig. 4 and Table 1. As expected, both storage temperature and relative
humidity were highly influential on the survivability of LGG. To gain
insight into the LGG cell inactivation kinetics, the TVC - storage time
data were analysed using Weibull (Eq. (1)) and first-order (Eq. (3))
regression models. As shown in Table 1, only in the case of the cryogels
stored at chilling conditions the LGG inactivation were described by first
order kinetics. A similar behaviour was also reported by Fortuin et al.
(2023) in protein (pea, whey, or Spirulina) — maltodextrin lyophilisates
embedding LGG cells. In the context of microbial inactivation, the
Weibull distribution is used to model the probability that a microor-
ganism will be inactivated by a certain treatment or environmental
condition at a given time (van Boekel, 2002). The determined kinetic
parameters, o and p denote the time required for observing a log (1/€)
decline in the viable microbial load and the responsiveness of the cells to
the imposed stressor (i.e. adaptation or cellular damage accumulation),
respectively. At chilling conditions, the LGG cells response to the
physicochemical stressors was negligible, with the NaCas cryogels
allowing the best cell stabilising effect (k = 1.43 x 1072, 4.67 x 1073,
4.99 x 1073 day’l, for NaCas, N1:1 W and WPI, respectively), which is
in agreement with our previous study (Hellebois, Canuel, et al., 2024).
The elevation of the storage temperature resulted in a significant (p <
0.001) shortening of the cell inactivation lag phase as indicated by the ar
parameter (o = 14.5 vs. 0.68 days, at 20 and 37 °C, respectively) due to
acceleration of the LGG metabolic activity. The ar parameter was highly
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dependent on the protein composition of the cryogels with the
NaCas-based exemplars showing the best LGG cell stabilising effect (ar
= 1.33, 0.41 and 0.20 vs. 35.7, 4.53 and 3.59 days, for NaCas, N1:1 W
and WPI cryogels stored at 37 and 20 °C, respectively). As for the pr
values, the impact of storage temperature was dependent on the
composition of the cryogels. In general, the convexity (fr < 1) of the
LGG curves was significantly higher in the N1:1 W and WPI cryogels,
compared to NaCas LGG inactivation curves, which represented a linear
to concave behaviour (pr = 0.993 vs. 1.548 at 37 and 20 °C, respec-
tively). As well depicted in Fig. 4, the inclusion of PSGs in the cryogel
formulation enhanced the storage stability of LGG embedded in the
NaCas based systems but it impaired the LGG sublethality in the mixed
protein and WPI exemplars. This illustrates the ability of NaCas to
prolong the LGG cell damage accumulation before lethality is being
established.

In a manner akin to storage temperature, the increase in the storage
relative humidity resulted in a significant (p < 0.001) decrease in the
calculated kinetic parameters (agy = 14.5 vs. 1.4 day and pry = 1.01 vs.
0.87, at 11 and 75% RH, respectively), with the myacas/wpr being the
only influential compositional factor (agy = 18.6, 2.8 and 2.4, and Pry
= for NaCas, N1:1 W and WPI, respectively, p < 0.001). On the other
hand, the presence of PSG was rather of minor importance, with the PSG
concentration influencing only the Pry (Bruy = 0.86, 0.86 and 1.07,
respectively, for 0, 0.1 and 0.5% wt., respectively, p < 0.05). Based on
the aforementioned, the NaCas-based cryogels containing 0.5% of PSG
appeared to be the most adaptable xero-scaffolds to diverse RH condi-
tions. In addition, despite their substantial differences in their molecular
and chemical structure configuration, both tested PSGs provided similar
shielding capacity against temperature and water vapour stressors
throughout storage.

It is well documented that the sublethality of probiotic cells
throughout storage is species- and strain-dependent (Wendel, 2022). In
addition, extrinsic parameters such as composition, microstructure and
physical state of the conveying soft-matter template are of paramount
importance for maximising the bacterial cells stabilisation during stor-
age (Gbassi & Vandamme, 2012; Iravani, Korbekandi, & Mirmo-
hammadi, 2015; Sanders & Marco, 2010). Concerning the scaffold
composition, previous studies have underlined the importance of pro-
teins in preserving probiotics due to their ability to promote the cell —
matrix adhesion (Gomand et al., 2019) allowing a satisfactory embed-
ment of the living cells into the wall material and thus, suppressing the
diffusivity of oxygen and water vapour; both being powerful physico-
chemical stressors leading to irreversible changes in the cell membrane
integrity. Although previous studies have shown that WPI possess a good
cell stabilising role (Burgain, Corgneau, Scher, & Gaiani, 2015; Yin,
Chen, Yuan, Liu, & Zhong, 2024), the inferior storage stability of LGG
embedded in the WPI cryogels can be primarily attributed to their lower
lyostabilising performance compared to the NaCas exemplars. This is in
keeping with the observations of Guerrero Sanchez et al. (2022) who
documented that the changes in the integrity of the cell membrane lipid
bilayer occurring during the freeze-drying process have a predominant
role on the stability of probiotics during storage.

The storage conditions were selected in a fashion that allowed the
achievement two distinct physical states, i.e. rubbery (at 75% RH) and
glassy (at 11% RH). It is well established that the achievement of a glassy
state is an essential factor for maximising the probiotic cells preservation
throughout storage due to the suppression of their metabolic activity
(Aschenbrenner et al., 2015). In our previous study, we have demon-
strated that the inactivation rate of LGG embedded in milk protein
cryogels commenced to progressively accelerate at a,, > 0.33 due to the
transition from the glassy to the rubbery state (Hellebois, Canuel, et al.,
2024). According the calculated agy and Bry parameters, the physical
state transition shortened the LGG inactivation lag phase due to allevi-
ation of the steric inhibitors of the metabolic activity and biochemical
reactions (e.g. lipid oxidation) taking place during storage. The superior
LGG stabilising effects of NaCas compared to WPI, may be attributed to
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Fig. 4. LGG embeeded in milk protein-based cryogels inactivation curves during storage at 5 °C, a,, 0.11 (A), 20 °C, a,, 0.11 (B), 20 °C, a,, 0.75 (C), 37 °C, ay, 0.11
(D). Sodium caseinate (NaCas)-based cryogels are found in “1”, mixed sodium caseinate — whey protein isolate at 1:1 ratio (N1:1 W) in “2” and whey protein isolate
(WPI) in “3”. First order (A) and Weibull’s model (B-D) fitted data are represented in black dotted lines for gum free cryogels, in dashed lines for 0.1% and continuous
lines for 0.5%. Red: flaxseed gum, blue: alfalfa gum.
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Table 1
LGG inactivation kinetic parameters influenced by the gum type and concentration, protein type and storage conditions.
Protein Gum lay 0.11 Zay 0.11 Zay 0.11 2ay 0.75
5°C 20°C 37°C 20 °C
Slope o [} o B o B
day! days - days - days -
NaCas No gum —0.002"¢ 12.07%4 0.93%¢ 1.77 1.31% 1.97¢ 1.16®
AAG 0.1 —0.001%° 43.27%° 1.722 1.11¢ 0.88°¢ 0.24° 0.62¢
AAG 0.5 —0.003 27.84%¢ 0.98%° 0.77¢ 0.77°¢ 2.41¢ 1.08"
FG 0.1 —0.000* 41.77% 1.52% 0.97¢ 0.82°4 0.20° 0.61¢
FG 0.5 —0.0012>¢ 50.72% 1.42% 2.012 0.89> 3.55% 1.19%
N1:1 W No gum ~0.002° 2.85¢ 0.49% 1.45%¢ 0.99° 2.18> 0.93%
AAG 0.1 —0.004> 6.26¢ 0.85%¢ 0.02¢ 0.408 0.48° 0.61¢
AAG 0.5 —0.003% 4,604 0.79°¢ 0.05° 0.46' 1.44% 0.89%
FG 0.1 —0.004° 2.70¢ 0.75%¢ 0.00° 0.05" 0.54" 0.71%
FG 0.5 —0.008° 3.27¢ 0.65% 0.10° 0.51°f 0.91¢f 0.76%
WPI No gum —0.007¢ 0.00¢ 0.19¢ 0.29° 0.73¢de 3.35% 1.32°
AAG 0.1 —0.008° 3.00¢ 0.87%%¢ Nd Nd 0.21° 0.60°
AAG 0.5 -0.003 7.534 1.21%¢ 0.10° 0.65%f 2.04¢ 1.19%
FG 0.1 —0.005¢ 2.30¢ 0.83%¢ Nd Nd 0.28° 0.62¢
FG 0.5 —0.003% 4,914 1.14%¢ 0.00° 0.08" 0.51° 0.72%

ahpjfferent letters between the cryogels denote a significant difference (p < 0.05) among the cryogels for the same column to Tukey’s post hoc means comparison test.

Yirst-order kinetics. 2Weibull’ model parameters. Nd: not detected.

higher content in peptides with high free radical scavenging perfor-
mance (Ries, Ye, Haisman, & Singh, 2010; X. Yin et al., 2022).

In most of the cases, the incorporation of soluble dietary fibre aims at
the creation of physicochemical barriers against to commonly encoun-
tered physicochemical stressors. Except for NaCas—PSG systems, the
inclusion of the gums did not offer any tangible cell preservation ben-
efits. Previous studies have shown that preservation performance of
polysaccharides is species and strain dependent. In view of this, Peredo,
Beristain, Pascual, Azuara, and Jimenez (2016) demonstrated that the
inclusion of biopolymers such as psyllium, potato starch or inulin were
more efficient in protecting L. plantarum than L. casei Shirota over a 30
days storage at 4 and 22 °C. On the other hand, the inclusion of rice bran
fibres in freeze-dried ionotropically crosslinked pectin capsules pre-
served better the biological activity of L. acidophilus than Hi-maize
starch and inulin (Raddatz et al., 2020).

To estimate the shelf-life of the probiotic cryogels, the minimum
total load in viable probiotic cells according to the recommendation of

Table 2
Estimated cryogels shelf-life (in days) cryogels influenced by gum type and
content and storage conditions.

Protein Gum la, 0.11 2ay 0.11 2a,, 0.11 2ay 0.75
5°C 20°C 37°C 20 °C
NaCas No gum >3 years™ 1419%f8 10¢ 13¢
AAG 0.1 >3 years® 16200t 15° 108"
AAG 0.5 >3 years™ 213bede 16° 21°
FG 0.1 >3 years® 195Pcdef 16° geh
FG 0.5 >3 years?™ 252bcd 26° 242
N1:1 W No gum >3 years® 302 14° 18«
AAG 0.1 >3 years™ 271 6¢ 184
AAG 0.5 >3 years™ 77% 64 17¢
FG 0.1 942¢ 518 <of 12°f
FG 0.5 512¢ 978 74 174
WPI No gum 516° 388° 6¢ 20
AAG 0.1 506° 378 <of 8"
AAG 0.5 >3 years™ 458 3¢ 13¢f
FG 0.1 904¢ 338 <2f gsh
FG 0.5 >3 years™ 338 <2f 11%

“#Different letters between the cryogels denote a significant difference (p <
0.05) among the cryogels for the same column to Tukey’s post hoc means
comparison test. The effect of the temperature and physical state was significant
for all the tested cryogels. The shelf-life was estimated as the maximum storage
time with LGG counts of at least 6 1ogCFU.g'. 1Shelf life estimated by first order
kinetics. %shelf life estimated by Weibull’ model.

FAO/WHO (FAO/WHO, 2002), i.e. 6 logCFU g’1 was used as a bound-
ary. As shown in Table 2, the shelf-life of the probiotic cryogels at
chilling storage conditions ranged from 1.4 to more than 3 years, which
is compliant with the standards of commercial anhydrobiotic formula-
tions (Kieps & Dembeczynski, 2022). As expected, the shelf-life of the
probiotic cryogels was steeply declined when extrinsic physicochemical
stressors were imposed, i.e. tsheltlife = 2—388 days.

3.3. Colloidal changes of the cryogels and viability of Lacticaseibacillus
rhamnosus GG throughout in vitro digestion

The assessment of the colloidal responsiveness of the cell-conveying
matrix to the gastrointestinal environment is crucial for understanding
its bioactive potential (de Melo Pereira et al., 2018; Sanders & Marco,
2010). The model boluses were prepared by mixing one cryogel mono-
lith with the appropriate amount of artificial saliva at 50 s~* without any
mechanical crushing (e.g. processing in an artificial mouth or Stom-
acher) of the matrix throughout the simulating oral processing. There-
fore, the amount of the released free LGG cells was extremely restricted.
Then, the partially swollen cryogel boluses were mixed with the simu-
lating gastric fluids and allowed to incubate for 2 h. As shown in the
Suppl. Fig. 1, at the end of in vitro gastric processing, the cryogel
matrices, particularly those based on NaCas, underwent limited disin-
tegration. Furthermore, the presence of PSGs, especially at 0.5% wt.,
was found to impede the disintegration of the swollen cryogels, with
AAG being more effective than FG. To gain insight into the mean size of
the residual particles in the gastric chymes, after the removal of the
intact swollen cryogels, at least five CLSM micrographs were analysed
by using ImageJ software and the Feret’s diameters (Dy) were calculated.
As shown in Fig. 5, the gastric chymes of the WPI-based cryogels
comprised the largest particles (i.e. Dy = 9—204 pm), compared to the
mixed protein and NaCas-based exemplars (i.e. Dy = 9—-133 pm and
4-37 pm, respectively). This finding corroborates our previous research
on the water disintegration behaviour of milk protein-based cryogels
(Hellebois et al., 2023). The inclusion of PSGs in the NaCas-based cry-
ogels resulted in an increase in the particles’ mean size proportionally to
the gum content. In a recent study, we have demonstrated that the
presence of AAG and FG prolonged the water disintegration time of
NaCas cryogels due to the ability of the gums to reinforce the skeleton of
the cryogels (Hellebois, Addiego, et al., 2024). On the other hand, the
presence of the PSGs in the mixed protein and WPI based cryogels
reduced the mean size of the residual particles in a reciprocal to the gum
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Fig. 5. CLSM acquired micrographs of gastric (A-C) and intestinal (E-F) chymes of the milk protein-based cryogels in the presence of alfalfa and flaxseed gum at
0 (1), 0.1 (2 & 4) and 0.5% wt. (3 & 5). Scale bar: 20 pm. Proteins are stained in blue (Fast Green, \Ex = 633 nm, AEm = 635-680 nm), live bacteria in green (Syto9,
AEx = 488 nm, AEm = 498-550 nm) and inactivated bacteria in red (propidium iodide, AEx = 488 nm, AEm = 585-640 nm). NaCas: Sodium Caseinate, WPI: Whey

Protein, N1:1 W: binary mixture of NaCas and WPI protein at 1:1 ratio.

content fashion. Nonetheless, no clear association of the Dy values with
the microstructural (e.g. porosity, vessels thickness) and physicochem-
ical (e.g. bulk density, shrinkage, disintegration time, etc.) aspects of the
cryogels was found. It should be noted that in all cases the CLSM mi-
crographs confirmed the cryogels’ ability to prevent the uncontrolled
release of free LGG cells in the continuous gastric fluid phase (as indi-
cated by the SYTO9 fluorophore-stained living cells), and thus, dimin-
ishing the lethal effects of the harsh gastric environment conditions.
Indeed, as illustrated in Fig. 6, a very good protection of the viability of

the LGG cells in the gastric chymes was observed, i.e. 9.80 vs. 9.45
logCFU.g ™}, for initial matrix (cryogels stored at 5 °C for 60 days) and
gastric chymes, respectively. In all cases, the embedment of LGG cells
into the cryogel scaffold offered a substantial protection against gastric
fluids compared to the free (non-encapsulated) LGG cells (Fig. 6)
Nevertheless, the survivability of LGG under in vitro gastric conditions
was predominantly influenced by the protein composition (p < 0.001)
rather than the PSG type and content (p > 0.05). In agreement with our
previous findings (Hellebois, Canuel, et al., 2024), the LGG cell

: Cryogel - t60 days

1ca Ga . DA BA

LGG viable counts (logCFU.g-")

Gastric — ty50 min

Intestine — t150 min

aA bA ;
aAB oA ; aA

an | 2A

Fig. 6. LGG cells viability throughout the static in vitro simulated digestion following the INFOGEST protocol embeded in sodium caseinate (NaCas, plain bars),
mixed sodium caseinate — whey protein isolate at 1:1 ratio (N1:1 W, dotted bars) and whey protein isolate (WPI, dashed bars) protein-based cryogels influenced by
the presence of alfalfa (AAG) or flaxseed (FG) gums at either 0.1 or 0.5% wt. Dashed lines represents the LGG viable counts in non-encapsulated bacteria systems for
each digestive step. A B Different letters among the digestive steps for the same cryogel (uppercase) and at each digestive steps among the three protein

composition (lowercase) denotes significant (p < 0.05) differences.
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preserving capacity throughout gastric processing was proportional to
the increase in the NaCas content. The protective role of soluble dietary
fibres lies in their capability to protect the viability of probiotics in
protein-rich freeze-dried or spray-dried particulates arising from their
ability to reduce the rate of gastric fluids diffusion into the protein
scaffold, thus enhancing the acid resistance of the encapsulated cells
(Desmond, Ross, O’Callaghan, Fitzgerald, & Stanton, 2002; Yao, Liu, He,
Hu, & Liu, 2023). Moreover, the dense structure of the pre-coagulated
milk proteins, coupled with their buffering capacity, has been previ-
ously demonstrated to improve the survivability of probiotics by
maintaining a higher pH within the core material (Heidebach, Forst, &
Kulozik, 2009). The presence of residual glucose may also enhance the
viability of LGG under gastric conditions. Prior research has indicated
that the presence of metabolisable sugars, such as glucose, enables LGG
to produce sufficient quantities of adenosine triphosphate (ATP),
necessary for the extrusion of H' protons from their cytosol via the
FoF1-ATPase, which improves LGG survivability in acidic conditions
(Corcoran, Stanton, Fitzgerald, & Ross, 2005). The observed minor ef-
fects of the polysaccharides on the gastric survivability of LGG are likely
due to their relatively low concentration compared to the milk proteins
and sugars.

On admixing with the intestinal fluids, a complete disintegration of
the cryogel matrices leading to a burst release of the LGG cells was
observed (Suppl. Fig. 1), confirming their feasibility as alternative
scaffolds for targeted release of probiotics. As illustrated in the CLSM
micrographs (Fig. 5) and TVCs (Fig. 6), the bile salt and pancreases
induced cellular stress was reduced proportionally to the NaCas to WPI
mass ratio (9.87, 9.58, 9.41 for NaCas, N1:1 W, and WPI, respectively).
Nonetheless, the TVCs in the intestinal digesta were slightly higher than
those determined in the gastric chymes (ranging from 0.1 to 0.26
logCFU.g™ 1), implying that in all cases the stressed LGG cells were still
cultivable. On the other hand, the free (non-encapsulated) LGG cells
experienced an approx. 3 logCFU.g ™! reduction in the TVCs suggesting
the bile salt sensitivity of LGG at physiologically relevant concentra-
tions. Stemming from their surface-active and amphipathic properties,
bile salts can disrupt the bacterial cell membrane’s lipid bilayer causing
cytoplasmic leakage and damage the intracellular proteins and DNA
(Mendonca et al., 2023; Ventura et al., 2011). In accordance with the
findings of Giulio et al. (2005), the presence of trehalose and glucose
was associated with a significant improvement of the bile salt tolerance
of LGG. In addition, the presence of proteins in the wall material may
suppress the bile salt induced cellular injuries due to their capacity to
serve as a protective barrier between the bile salts and the phospholipid
bilayer (Vargas, Olson, & Aryana, 2015).

Food Hydrocolloids 151 (2024) 109867
3.4. Adhesion of LGG to an in vitro gut epithelium model

Although the preservation of the biological activity of probiotics
throughout gastrointestinal transit is an essential aspect of an effective
encapsulation strategy, promoting the ability of the living cells to adhere
to the mucus layer of the intestinal epithelium should be rigorously
evaluated (de Melo Pereira et al., 2018; Sanders & Marco, 2010). To
assess the ability of the cryogels to promote the LGG cells adhesion a
mucin producing co-culture model (Caco-2/HT-29) of the gut epithe-
lium was employed. As clearly depicted in the representative SEM and
CLSM micrographs, a satisfactory amount of predominantly living LGG
cells was adhered to the mucus-rich microdomains of the co-culture
model (Fig. 7). According to the microbial enumeration of the me-
chanically disrupted epithelial tissues (Fig. 8), the LGG bacterial den-
sities ranged from 2.24 to 4.71 logCFU.cm 2, with the highest amount of
culturable LGG cells being detected in the NaCas-based digesta (4.56 vs.
4.18 and 4.01 logCFU.cm 2, for NaCas, N1:1 W and WPI, respectively).
Worth to note that in the case of the N1:1 W and WPI systems, the
presence of PSG significantly enhanced the LGG adhesion properties.
Overall, FG exhibited a better LGG adhesion promoting ability
compared to AAG i.e. 4.55 vs 4.26 logCFU.cm ™2, respectively. On the
other hand, the presence of AAG in the NaCas based digesta did not
significantly modify the LGG adhesion properties. In all cases, the in-
clusion of PSG at a concentration as low as 0.1% wt. was sufficient to
enhance the LGG mucoadhesion. It is established that the adhesion of
the probiotic cells to the gut mucosa is initiated by weak and reversible
hydrophobic binding interactions and in a later stage through specific
adhesins — mucins interactions (Bron, Van Baarlen, & Kleerebezem,
2012; Han et al., 2021) represented as follows:

B + R 2 B—R*— BR

Where B is the bacterial concentration, R is the constant number of
monolayer cell receptor sites, B—R* represents the unstable intermedi-
ate complex (formed via weak physical interactions) and BR is the stable
adhesin — mucin complex. As illustrated in Fig. 8 the number of LGG cells
adhered onto the mucus layer of the co-culture model was highly
dependent on the LGG TVCs in the intestinal digesta (r = 0.88, p <
0.001), indicating the probabilistic character of the cell adhesion phe-
nomena. To get a deeper insight these data were fitted to the Hill’s
model (Eq. (5)):

B

BR=Rpux =7
k" +B"

()

where B and BR denote the viable cells present in the intestinal digesta

Fig. 7. Representative SEM (A) and CLSM (B) micrographs of Caco2/HT29 coculture model after 120 min of incubation in the presence of intestine chymes of
digested and the proposed adhesion mechanism (C). Scale of the micrographs: SEM 17 x 17 pm?, CLSM 140 x 140 pm2 SEM micrograph blue colour: LGG cells.
CLSM micrograph stains: green (Syto9): living LGG cells, red (propidium iodide): inactivated LGG and epithelial cells, blue (fast green): glycoprotein of the mucosa.
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Fig. 8. Number of adhered cultivable LGG cells to the Caco2/HT29 coculture model (expressed in logCFU.cm’z) from digested sodium caseinate (NaCas, A), mixed
protein with NaCas:WPI ratio of 1:1 (N1:1 W, B) and whey protein isolate (WPI, C)-based cryogels. The relationship between the number of adhered cells and the TVC
in the intestinal fluids (t = 120 min) is displayed in D. The dashed line (D) represent the Hill model fitted to the data. AAG 0.1 and AAG 0.5, alfalfa gum at 0.1 and
0.5% wt., respectively. FG 0.1 and FG 0.5, flaxseed gum at 0.1 and 0.5% wt., respectively. *“Different letters between the samples denote a significant difference (p <

0.05) according to Tukey’s post hoc means comparison test.

and adhered onto the mucosa layer, respectively, n is the cooperativity
constant, Ryax is the maximum number of viable LGG cell that can be
adhered to the mucosa layer and k denotes the amount LGG cells
required to achieve Rg“‘ (Mays, Chappell, & Nair, 2020). The coopera-
tivity constant was estimated at n = 14.9, suggesting that once a bac-
terial cell is specifically adhered to the mucins its affinity to intercellular
homophilic interactions, i.e. pili - pili hydrophobic bonding, is increased
(Tripathi et al., 2013). The maximum adherence capacity was estimated
at Rmax = 5.1 logCFU.cm ™2 confirming that the presence of PSGs was
crucial for maximising the LGG adhesion capacity. Although the exact
mechanism of action of the PSGs needs to be further investigated, we
assume that their presence in the microbe — mucus interface mediates
the non-specific microbe — mucin interactions. It is also hypothesised
that the presence of carboxyl groups in FG (contrary to AAG) explain the
higher adherence capacity of the former. In line with these hypotheses,
Liu et al. (2020) demonstrated that the grafting of side functional groups
e.g.,—~COOH or -SH (via TEMPO oxidation and amide reaction) to konjac
glucomannan enhanced the adhesin - mucin interactions via
non-specific (e.g., hydrogen bonds, van der Waals forces) and disulfide
bonding, respectively.

3.5. Proteomic characterisation of the gastric and intestinal phases

As clearly illustrated in the capillary SDS-PAGE electropherograms of
the cryogel gastric phases (Fig. 9), the intensity of the characteristic
bands associated with the presence of total (a5;—, p—, and k—) caseins,
B-lactoglobulin and a-lactalbumin was increased proportionally to the

10

increase in the myacas/wpr. Although native p-lactoglobulin is highly
resistant to pepsinolysis, the presence of a broad peptide band at 10 kDa
indicated the partial cleavage of the whey protein during gastric pro-
cessing. This is mainly attributed to the denaturation of whey proteins
during the heat treatment of the cryogel precursors (Barbé et al., 2013).
The addition of PSGs promoted the pepsin induced cleavage of the
proteins though only in the case of the FG stabilised cryogels it was
possible to detect a dose dependent effect. In this context, the NaCas
containing systems showed a higher resistance to pepsinolysis at 0.5%
wt. FG, whilst an adverse effect was observed in the WPI-based exem-
plars. Our findings align with the observations of Markussen, Madsen,
Young, and Corredig (2021) who reported that contrary to gal-
actomannans (guar gum), anionic polysaccharides (sodium alginate and
pectin) delayed the in vitro gastric peptic cleavage of the caseins fraction
of milk protein concentrate. A good correlation between the pepsin
induced cleavage of the proteins and the disintegration profile of the
cryogels was found. As we have previously demonstrated (Hellebois,
Canuel, et al., 2024), the presence of 0.5% FG in the NaCas and N1:1 W
cryogels resulted in slower disintegration rates (t = 521, 138, 65 s, for
NaCas, N1:1 W and WPI, respectively) and larger residual particles (D4,
31 = 94, 150, 63 pm for NaCas, N1:1 W and WP, respectively) than WPI,
inhibiting sterically the progress of pepsinolysis. The opposite effect was
observed in the case of WPI cryogels containing 0.1% FG. In accordance
to our previous work (Hellebois, Canuel, et al., 2024), the exposure of
the gastric phases to the pancreases induced a complete cleavage of the
proteins and polypeptides (>6500 Da).

To gain insight into any potential secondary health benefit
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Fig. 9. Capillary SDS-PAGE electropherograms of the gastric (A) (tgastric = 120 min) and intestinal (B) (tintestinal = 120 min) milk protein cryogel digesta as
influenced by the protein type (sodium caseinate, NaCas; whey protein, WPI; mixed NaCas:WPI at a ratio of 1:1, N1:1 W), gum type (alfalfa gum, AAG; flaxseed gum,

FG) at 0.1 and 0.5% wt.

conferring effects, the peptidome (500-3000 Da) of the intestinal
digesta was analysed using nano-LC-MS. As shown in Fig. 10 the intes-
tinal digesta contained peptides composed of 6-24 amino acids,
following a Gaussian distribution with a median of 9-11 depending on
the cryogel composition, in agreement with our previous study (Helle-
bois, Canuel, et al., 2024). The prevalence of long-chain (i.e. > 17)
peptides was adversely correlated to the myacas/wpr- Interestingly, the
presence of PSGs in the intestinal digesta was associated with release of
low to intermediate chain peptides, i.e. < 11 (Fig. 10 A). On the contrary
the presence of PSGs in the mixed protein and WPI digesta did not affect
in a straightforward fashion the peptides length distribution pattern.

As regards the protein origin of the release peptides (Fig. 11), the
prevalence of peptides per protein class was not only associated with the
protein composition of the cryogels but also with the PSG type and
content. As well depicted in Fig. 11, the PSGs did not remarkably
modified the peptidome composition, with most of the identified pep-
tides being originated from B-Lg and a-La. On the contrary, the pepti-
domes of the intestinal digesta of the NaCas cryogels containing 0.1%
wt. PSG, showed higher affinity to their non-stabilised NaCas counter-
parts. The increase of the PSG content in the intestinal digesta of the
NaCas cryogels resulted in a significant reduction in number of the
peptides originating from -, as;-and k-caseins yet without impacting
those stemming from whey proteins. In a similar fashion, the presence of
PSGs in the mixed protein cryogel intestinal digesta resulted in a pro-
portional to their content decrease in the abundance of f-Lg and a-La
derived peptides.

As shown in Table 3, a total of 14 bioactive peptides were at least one
aliquot of intestinal digesta. Two bioactive peptides originating from
p-Lg, i.e. *>VEELKPTPEGDLEIL”® and *'TPEVDDEALEK'>! associated
with zinc binding (Udechukwu, Dang, & Udenigwe, 2021) and DPP-IV
inhibitory (Power, Fernandez, Norris, Riera, & FitzGerald, 2014) ac-
tivities were detected in all intestinal digesta indicating their high
resistance to pancreases. Noteworthy, the 1 TPEVDDEALEK'"! (ICs =

11

320 pM) was the most abundant bioactive amino acid sequence
amounting to 10—15% of the total peptides detected. Three bioactive
peptides, i.e. *®VRTPEVDDE!#, S8YVEELKPTPEGDL’®, !°>SDIPNPIG-
SENSEK2%® and S2LKPTPEGDL”® (ICsy = 45 pM), associated with zinc
binding (Udechukwu et al., 2021), antioxidant (Basilicata et al., 2018),
and antimicrobial (Hayes, Ross, Fitzgerald, Hill, & Stanton, 2006)
properties, were persistently detected in the mixed protein and WPI
based intestinal phases. On the other hand, the *’EDVPSER'®® and
195§ DIPNPIGSE2** amino acid sequences, documented for their osteoa-
nabolic (Reddi, Shanmugam, Tanedjeu, Kapila, & Kapila, 2018) and
antidiabetic (Gong et al., 2020) potential, were primarily identified in
the NaCas-based cryogel derived intestinal phases. Interestingly, the
M8 HLPLPL!>* (ICsp = 425 pM) amino acid sequence exerting an
ACE-binding activity — known for its high resistance to pancreases due to
the presence of branched amino acids (leucine) and — was the less
prevalent in the intestinal digesta. It is hypothesised that the
1481 HLPLPL'®* was further cleaved to more pancreases-resistant amino
acid sequences, i.e. 150 pLp153 (1C50 = 720 pM) and M9HLPLP!®® (ICs
= 41 pM), which could not be detected due to the minimum peptide
length cut-off of the implemented analytical protocol. Ultimately, it
should be highlighted that the PSG type and concentration did not create
any clear peptidome patterns and hence, the protein composition of the
cryogels is the major driver of the secondary bioactive potential.

4. Conclusions

In the present work, the feasibility of protein—plant seed gum cry-
ogels as alternative xero-scaffolds embedding living probiotic cells was
assessed. The protein type was found to be the most critical parameter
for achieving maximal LGG survivability during the xero-structuration,
storage, and in vitro gastrointestinal digestion. Sodium caseinate was
clearly associated with an enhanced lyoprotective ability compared to
WPI, due to its efficacy to retain water in the vicinity of the polar



T. Hellebois et al.

Food Hydrocolloids 151 (2024) 109867

Occurence frequency (%)

10 11 12

13 14 15 16 17 18 19 20 21 22 23 24
amino acid length

®No gum
EAAG 0.1
BAAG 0.5
1FG 0.1
BFG 0.5

SR T T

Occurence frequency (%)

= No gum

mAAG 0.1

mAAG 0.5
FG 0.1

10 mFG 0.5

5

0

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
amino acid length

3 30
c C- WPl = No gum
5 & =AAG 0.1
%20 BAAG 0.5
L 15 FG 0.1
g 10 mFG 0.5
o
5 5
8
®)

6 7 8 9

10 11

12 13 14 15 16 17 18 19 20 21 22 23 24

amino acid length

Fig. 10. Milk protein originating peptide sequences length from NaCas (A), N1:1 W (B) and WPI (C) cryogels in the intestinal chymes influenced by the protein type
(sodium caseinate, NaCas; whey protein, WPI; mixed NaCas:WPI at a ratio of 1:1, N1:1 W), and the presence of PSGs (alfalfa gum, AAG; flaxseed gum, FG) at 0.1 and
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Fig. 11. Heat-map with dendrogram analysis of the effect of the addition of
alfalfa (AAG) or flaxseed (FG) gums at either 0.1 or 0.5% on the prevalence of
milk protein to produced detectable peptides sequences in the intestinal chymes
of the cryogels. NaCas: Sodium Caseinate (A), WPI: Whey Protein Isolate (C),
N1:1 W denote mixed protein system of NaCas:WPI ratio of 1:1 (B).
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phospholipid bilayer interface during the desiccation process. In a
similar fashion, NaCas was able to preserve maximally the biological
activity of LGG throughout controlled storage by preventing the unde-
sirable changes in the structural integrity of the LGG cell membranes due
to physical state and biochemical alterations. As expected, the LGG
inactivation rates were significantly higher at elevated temperature
(37 °C) and relative humidity conditions (75% RH). The presence of PSG
had minor effects on the LGG survival during the desiccation process but
mixed effects on the inactivation rates of LGG were observed depending
on the protein composition of the cryogels. In most cases, the cryogels
exhibited a low degree of disintegration and in vitro digestibility in the
gastric fluids allowing a high LGG cell protection in the highly acid
gastric environment. On the other hand, the exposure of the gastric
chymes into the pancreases resulted in a burst release of living LGG cells
and bioactive peptides behaviour. Although the LGG bioadhesion
properties were ameliorated in the NaCas based intestinal digesta, the
presence of PSG and particularly flaxseed gum was identified as a key
factor in achieving a maximal load of viable LGG cells adhered to the
mucus layer of the gut epithelium model. Our study confirmed that
cryogels are promising and easily tuneable xero-templates for targeted
delivery of probiotics.
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Table 3
Bioactive peptide sequences derived from milk protein after in vitro intestinal digestion of cryogels: Influence of gum type and content.
'Bioactive peptide sequence Protein  “Bioactivity (ICso pM) NaCas N1:1 W WPI
No AAG AAG FG FG No AAG AAG FG FG No AAG AAG FG FG
gum 0.1 0.5 0.1 0.5 gum 0.1 0.5 0.1 0.5 gum 0.1 0.5 0.1 0.5
9EDVPSER'?® asl-cn  “Osteoanabolic v v v v v v v v v
SOEKVNELSK®® asl-cn  ACE-inhibitory (5998) v
38FFVAPFPEVFGK*° asl-cn  “ACE-inhibitory (18) v/
1955 DIPNPIGSENSEK>?® asl-cn  “Antimicrobial v v v v v v v v v
195§ DIPNPIGSE?** asl-cn  “Antidiabetic v v v 4 v v
160HQPHQPLPPTVMFPPQ'”®>  B-cn 'Zinc binding v/
148 HLPLPL!>* B-cn $ACE-inhibitory (433) v/ v
2L KPTPEGDL”® p-Lg “DPP-IV Inhibitory (45) v v 4 v 4 4
S9VEELKPTPEGDLEIL”® p-Lg 'Zinc binding v/ 4 v v/ v v/ v/ v/ v/ v/ v/ v v/ v/ v/
S8YVEELKPTPEGDL”® p-Lg !Antioxidant v/ v v/ v/ v/ v v v/ v/ v v/ v/ v/
25LDIQKVAGTW>® p-Lg JACE-inhibitory (21) v
141TPEVDDEALEK'>! p-Lg “DPP-1V Inhibitory v/ 4 v v/ v/ v v v/ v v/ v/ v v/ v/ v/
(320)
138y RTPEVDDE!'” p-Lg ‘Zinc binding v v/ v v/ v/ v/ v/ v/ v v/
108yLVLDTDYK!!® p-Lg 'DPP-IV Inhibitory v v v v v v v
(424)

! peptide sequence loci were determined using UniProt protein sequences.
2 References for the peptides bioactivities.

2 (Reddi et al., 2018).

> (Tu et al., 2018).

¢ (Tauzin, Miclo, & Gaillard, 2002).

d (Hayes et al., 2006).

¢ (Gong et al., 2020).

f (Udechukwu et al., 2021).

8 (Quirds et al., 2007; Robert, Razaname, Mutter, & Juillerat, 2004).
h (Lacroix & Li-Chan, 2014).

i (Basilicata et al., 2018).

i (Lacroix, Meng, Cheung, & Li-Chan, 2016).

k (Power et al., 2014).

! (Silveira, Martinez-Maqueda, Recio, & Hernandez-Ledesma, 2013).
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