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Abstract

Evaluating the gastrointestinal (Gl) fate of proteins is part of the assessment to determine whether
proteins are safe to consume. In vitro digestion tests are often used for screening purposes in the
evaluation of potential allergenicity. However, the current pepsin resistant test used by the
European Food Safety Authority, only corresponds to fasted gastric conditions representative of a
late phase adult stomach. In addition, these tests are performed on isolated proteins and the effect
of the food matrix and processing are not systematically considered. The aim of this research is to
compare three different static in vitro Gl scenarios that are physiologically relevant. Namely, an
infant, early phase (fed state) adult and late phase (fasted state) adult model. These protocols are
applied to well-characterised isolated dairy (6-lactoglobulin and 8-casein) and egg (lysozyme and
ovalbumin) proteins and the impact of food matrix/processing on their proteolysis is also
investigated. A combination of SDS-PAGE, LC-MS/MS and spectrometric assay was used for the
evaluation of the proteolysis. Results highlight differences across the three Gl scenarios whether on
isolated proteins or within food matrices. The infant model led to incomplete digestion, leaving
intact egg proteins, either isolated or in the food matrix, and intact B-lactoglobulin in the milk. In
addition, peptides greater than 9 amino acids were found throughout the intestinal phase for all
proteins studied, regardless of the scenario. This reinforces the difficulty of linking protein
digestibility to potential allergenicity because many other factors are involved that need further
investigation.

Keywords: protein, in vitro digestion, food matrix, processing, milk, egg
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1. Introduction

Evaluating the gastrointestinal (Gl) fate of proteins is paramount to assess whether they are safe to
consume, including their potential to elicit an allergic reaction. The resistance of proteins to
digestion may be significant in relation to determining their allergenic potential since incomplete
digestion may cause undesired immune responses via sensitisation and/or elicitation in the
duodenum.! Thus, evaluating the digestibility of proteins as part of a suite of assessments and in
vitro protocols seems appropriate when ethical constraints hinder in vivo studies. The in vitro
digestion model most commonly used for this purpose in line with the European Food Safety
Authority (EFSA) guidelines” * and Implementing Regulation (EU) No 503/2013 (IR503/2013) is the
pepsin resistance test.* > This mimics the gastric phase of digestion with parameters that are not
representative of the normal physiological environment that food is exposed to immediately after
consumption. Namely, it uses gastric conditions that are highly acidic and enzyme concentration that
would simulate the end of gastric emptying (late phase) or fasted state in human adults. A more
realistic approach including a subsequent small intestinal phase and other relevant conditions in
healthy adults or in infants may provide useful information on how the combined effect of pH and
enzyme concentration affects protein digestibility. Therefore, in accordance with the guidance
offered by the EFSA Genetically Modified Organisms (GMO) panel® this study considers a range of
more physiologically relevant conditions that mimic the early phase (or fed state) and late phase (or
fasted state) adult and infant Gl environments.

The aim of this research is to compare the three in vitro digestion models in the context of
assessment of the digestibility of proteins. For this purpose, the comparison uses relevant test
proteins that are widely consumed and have previously been characterised to some extent under
simulated GI conditions. In addition, the effect of the food matrix, in which these proteins are
naturally present, on their digestibility will be also evaluated with the three models. Thus, the first
part of this study comprises the in vitro digestion of isolated proteins from bovine milk (8-
lactoglobulin, BLG, and B-casein, BCS) and hen’s egg (lysozyme, LYS, and ovalbumin, OVA). These
proteins are all major allergens varying in stability within the Gl tract. BLG and BCS represent two
major proteins in bovine milk (allergens Bos d 5 and Bos d 8, respectively) with contrasting
susceptibility to G| digestion, stable versus labile.® LYS and OVA (allergens Gal d 4 and Gal d 2,
respectively) are major globular proteins in egg white that are moderately resistant to Gl digestion.®
8 LYS is an enzyme whereas OVA, the most abundant protein in egg white, is a storage protein.

The second part of this study focuses on the in vitro digestion of fresh whole bovine milk and soft-
boiled hen’s egg. Both the food matrix and thermal processing effects are taken into account.
Pasteurisation is a standard procedure to ensure microbial stability in milk, and eggs are cooked for
safe consumption and improved sensory properties. Thermal processing may affect the structure of
the natural food matrix, since proteins are partially denatured and conformations are modified,
affecting the stability to digestion.” In addition, thermal processing may enhance protein interactions
with other components in the food matrix, such as lipids and sugars and can affect the digestion of
proteins.” In the current study, the commercial fresh whole milk used was previously pasteurised
(72 °C for a minimum of 15 s) and homogenised. Homogenisation in milk prior to pasteurisation is
also known to affect the ultrastructure by breaking up milk fat globules and changing the interfacial
composition from milk fat globule membrane (MFGM) proteins to whey proteins and casein micelles
and/or their fragments."" The hen’s eggs were soft boiled (boiled individually for 3 min
approximately), as it is very popular in the British breakfast.

The in vitro digestion of milk and egg has been investigated in the literature, although some gaps can
be identified. The digestibility of milk protein has been determined as a function of heating and
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homogenisation processes used commercially by the dairy industry,”> and even using more
sophisticated in vitro semi-dynamic/dynamic gastric models.”> '* Nevertheless, no combined
comparison has been made between the digestibility of proteins in milk and the digestibility of
isolated proteins, including other human GI conditions. Menard et al. compared the proteolysis
kinetics of an infant formula with the infant and early phase adult models mentioned above.
However, no direct comparison with the digestion of isolated proteins was performed. Similarly,
Egger et al. recently compared the in vitro static (INFOGEST standardised protocol, i.e. early phase
adult) and dynamic digestion of skimmed milk powder proteins with in vivo data.'® Their results
showed a good agreement between the gastric and intestinal end points of both in vitro models and
in vivo data from pigs. Martos et al. assessed the effect of the whole food matrix on egg protein
stability to digestion and compared the results with their previous findings on isolated egg
proteins.”’ Nonetheless, they only considered a single adult model of in vitro digestion and the egg
was not thermally processed (cooked). The effect of heat treatment on the digestion of egg proteins
has been studied on isolated proteins (65 °C for 30 min and 90 °C for 15 min; 80 °C for 6 h),"** egg
white (56 and 65 °C for 30 min and 100 °C for 5 min; 60 and 80 °C for 10 min)**** and in liquid whole
egg (pasteurisation at 60-66 °C for 4-10 min)*® but again only a model of adult digestion was used.

The relationship between allergenicity and stability to digestion of a protein is still controversial due
to a lack of knowledge on the exact route of exposure and mechanisms behind food sensitisation
and food allergy.” ** For this reason, it is of paramount importance to further investigate the
behaviour of known allergens during digestion and identify the products of digestion extensively. In
the present study, SDS-PAGE was used to identify intact protein or protein fragments larger than 5
kDa in digesta samples of isolated proteins and meals. Densitometry analysis of SDS-PAGE allowed
the semi-quantification of hydrolysis of intact protein throughout in vitro Gl digestion. LC-MS/MS
was used to identify protein fragments smaller than 5 kDa in digesta samples of isolated proteins.
Only peptides greater than 9 amino acids in length were analysed because of their potential to
induce an immune response due to their likelihood of carrying at least two B-cell receptor
epitopes.” *° Hydrolysis of total protein in meals was also quantified by measuring the levels of free
amine groups with a spectrophotometric assay.

To the best of our knowledge, this is the first time that the in vitro digestion of these meals has been
compared under physiologically relevant conditions in infants and adults in two different states: fed
versus fasted, and the impact of food matrix/processing assessed by comparison with the
digestibility of isolated proteins. The current study highlights differences in protein digestibility
across the three Gl scenarios whether on isolated proteins or within food matrices. In addition,
peptides greater than 9 amino acids were present throughout the intestinal phase for all proteins,
regardless of the model. This emphasises the difficulty of linking digestibility to potential
allergenicity because many other factors are involved that need further investigation.

2. Materials and methods

All chemicals used were of analytical grade and purchased from Sigma-Aldrich unless otherwise
stated.

2.1 Isolated proteins and meals: source and preparation

Bovine milk proteins 8-lactoglobulin (BLG) and 8-casein (BCS) were purchased from Merck (Cat. No.
L3908 and C6905, respectively) and used as received. The purity reported by the supplier for those
particular batches was 298% for both proteins. Ovalbumin (OVA) from hen’s egg white was purified
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and supplied by INRAE Institut Agro according to previously published protocols®” whereas lysozyme
(LYS) was kindly provided by Liot (Liot, Pleumartin, France). The purity of the isolated LYS fraction
was 100% and for OVA fraction was 285%, as determined by SDS-PAGE, with ovotransferrin being
the main contaminant. All of the isolated proteins were prepared by dispersing the lyophilised
powder in ultrapure water (Milli-Q) and left under mild stirring for at least 1 h at room temperature.
The protein concentration was set at 5 mg/mL in order to be consistent with the concentration used
for BLG based on that in bovine milk, and on the initial test protein concentration used in the original
protocol of the pepsin resistance test.

British fresh whole milk from cow (pasteurised homogenised standardised whole milk) and British
large free-range eggs (Class A) were purchased in a local supermarket and stored in the fridge until
use before the expiry date. Milk was brought to room temperature before in vitro digestion. Each
egg was soft boiled by immersing in boiling tap water (700 mL approximately) for 2 min and 45
seconds. The soft-boiled egg was cooled in tap water for 1 min and once the shell was removed, the
content was mixed well before subjecting to in vitro digestion.

2.2 In vitro digestion protocols

An oral phase preceding the gastric phase has not been considered for consistency with the original
infant protocol,” and because solutions of isolated proteins and both meals are in liquid/semi-liquid
state. In addition, there is no starch present in either meal, therefore the omission of salivary
amylase in an oral phase is justified.

All of the models of in vitro digestion comprised a gastric and subsequent intestinal phase. In the
gastric phase, the enzyme pepsin (4177 U/mg protein) from porcine gastric mucosa (Cat. No. P7012)
was used. In the intestinal phase, individual enzymes trypsin (233 U/mg protein) from porcine
pancreas (Cat. No. T0303) and bovine chymotrypsin (55 U/mg protein) (Cat. No. C4129) were used
for the intestinal digestion of isolated proteins. The extract pancreatin (6.48 Trypsin U/mg solid)
from porcine pancreas (Cat. No. P7545, 8 x USP) was used for the simulated intestinal phase of the
meals and infant and early phase models of BLG and BCAS, and the amount added was based on the
required trypsin activity in the final mixture. Their activities were determined as described in the
electronic supplementary material of Minekus and co-workers.”® Bile salts (297%) sodium
glycocholate (NaGC) and sodium glycochenodeoxycholate (NaGCDC) with Cat. No. G7132 and
G0759, respectively, were used in the intestinal phase of isolated proteins. Porcine bile extract (Cat.
No. B8631) was used in the intestinal phase of the meals.

In vitro digestion experiments were simulated in 50 mL conical centrifuge tubes mounted
horizontally in a shaking incubator at 37 °C and 100 rpm for better mixing, and were conducted in
triplicate for each model and each protein solution or meal. Control experiments for each model of
in vitro digestion were also carried out by replacing the initial volume/weight of protein
solution/meal by ultrapure water. Sampling was carried out by collecting aliquots of 200 uL at 0.5, 2,
5, 10, 20, 30 and 60 min of both gastric and intestinal phase. Proteases were immediately
inactivated by adding 5 uL of Pepstatin A (0.73 mM) to gastric samples, or 10 pL of Pefabloc® (0.1 M)
to intestinal samples. All samples were frozen at -20 °C until further analysis.

2.2.1 Infant model

The infant static in vitro digestion protocol originally comprises a gastric and intestinal phase in
sequence.” The only adaptation made in the current study was the replacement of bovine bile
extract by either porcine bile extract in the digestion of meals, or an equimolar mixture of NaGC and
NaGCDC, which represent the two major forms in human bile,? in the digestion of isolated proteins.
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Briefly, in the gastric phase, 5 mL of isolated protein (5 mg/mL) or 5 g of meal were mixed with infant
simulated gastric fluid (SGF) at a ratio protein solution or meal to SGF of 63:37 (v/v). The pH was set
to 5.3. The infant SGF comprised NaCl (94 mM) and KCI (13 mM), adjusted to pH 5.3 with 1 M HCI.
Pepsin activity was 268 U/mL in the final volume of the gastric chyme. After 60 min of gastric
digestion, the pH was raised to 7 with 1 M NaOH in order to inactivate pepsin before intestinal
digestion.

In the intestinal phase, the gastric chyme was mixed with infant simulated intestinal fluid (SIF) at a
ratio of gastric chyme to SIF of 62:38 (v/v) and adjusted to pH 6.6 with 1 M HCI. The infant SIF
comprised NaCl (164 mM), KCI (10 mM) and NaHCO; (85 mM) adjusted to pH 7. CaCl, was added
separately before starting the intestinal phase at a concentration of 3 mM within the volume of the
SIF. The total concentration of bile salts was 3.1 mM in the final volume of the intestinal content.
The trypsin activity was 16 U/mL (also in pancreatin) in the final volume and the chymotrypsin
activity was 4 U/mL. This phase lasted for 60 min.

2.2.2 Early phase adult model

The early phase adult static in vitro digestion protocol follows the INFOGEST international
consensus”® with several adaptations. Namely, the oral phase was omitted, the length of gastric and
intestinal phases was 60 min each and an equimolar mixture of NaGC and NaGCDC replaced the bile
extract for the in vitro digestion of isolated proteins, in order to retain consistency with the infant
model. More details of the INFOGEST protocol can be found elsewhere.*

Briefly, in the gastric phase, 5 mL of isolated protein (5 mg/mL) or 5 g of meal were mixed with early
phase adult SGF at a ratio protein solution or meal to SGF of 50:50 (v/v) and the pH was set to 3. The
early phase adult SGF comprised NaCl (47.2 mM), KCI (6.9 mM), KH,PO, (0.9 mM), NaHCO; (25 mM),
MgCl,(H,0)s (0.1 mM), and (NH,),CO; (0.5 mM) adjusted to pH 3 with 1 M HCI. CaCl, was added
separately before starting the gastric phase at a concentration of 0.075 mM in the final volume of
the gastric chyme. Pepsin activity was 2000 U/mL in the final volume. After 60 min of gastric
digestion, the gastric chyme was immediately subjected to the intestinal phase.

In the intestinal phase, the gastric chyme was mixed with early phase adult SIF at a ratio gastric
chyme to SIF of 50:50 (v/v) and adjusted to pH 7 with 1 M NaOH. The early phase adult SIF
comprised NaCl (38.4 mM), KCI (6.8 mM), KH,PO, (0.8 mM), NaHCO; (85 mM), and MgCl,(H,0)s (0.33
mM), adjusted to pH 7. CaCl, was added separately before starting the intestinal phase at a
concentration of 0.3 mM in the final volume. The total concentration of bile salts was 10 mM in the
final volume. The trypsin activity was 100 U/mL (also in pancreatin) in the final volume and the
chymotrypsin activity was 25 U/mL. This phase lasted for 60 min.

2.2.3 Late phase adult model

The late phase adult static in vitro digestion protocol comprised a gastric phase as in the pepsin
resistance test protocol® followed by the intestinal phase of the adult model above. Briefly, in the
gastric phase, 0.5 mL of isolated protein (5 mg/mL) or 0.5 g of meal were mixed with late phase adult
SGF at a ratio protein solution or meal to SGF of 5:95 (v/v). The pH was set to 1.2. The late phase
adult SGF comprised NaCl (35 mM), adjusted to pH 1.2 with 1 M HCI. Pepsin activity was set to 10
U/ug of test isolated protein, which is equivalent to 2500 U/mL in the final volume for the gastric
phase of meals. After 60 min of gastric digestion, the gastric chyme was immediately subjected to
the intestinal phase as in previous section.

2.3 SDS-PAGE analysis
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Hydrolysis of protein from isolated source or within the meal matrix with the three protocols of in
vitro digestion was analysed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE). This technique allows the identification and semi-quantification of intact protein and protein
fragments larger than 5 kDa. Precast Bolt 4-12% Bis-Tris Plus 1 mm x 10 well gels from Invitrogen
were used according to manufacturer’s instructions. Digesta samples were diluted with ultrapure
water in reducing conditions with dithiothreitol (0.5 M) and with LDS sample buffer 4 x (Invitrogen),
followed by heating to 70 °C for 15 min. Wells were loaded with 1.5 ug of isolated protein or 10.5 pg
of total protein in milk and eggs, taking into account the protein to simulated Gl fluid ratio in order
to evaluate the sole impact of the proteolysis. Mark 12 Unstained Standard (Invitrogen) was used as
molecular weight marker. Electrophoresis was carried out in MES SDS running buffer (Invitrogen) at
200 V for 22 min at room temperature. Gels were fixed in methanol/water/acetic acid (40/50/10
v/v) for 1 h, then rinsed for 5 min three times with ultrapure water and stained with SimplyBlue™
SafeStain (Invitrogen) for 1 h. Distaining was carried out overnight with ultrapure water. Gels were
scanned with Bio-Rad ChemiDoc Imager. Densitometry on bands was performed with the software
Image Lab™ 5.1 (Bio-Rad). The SDS-PAGE was conducted at least in duplicate for isolated proteins
and meals digested in vitro with the three models. Densitometry data are presented as mean values
+ standard deviation. Comparison between in vitro digestion models over time was done with two-
way ANOVA and post hoc Bonferroni multiple comparison test with a threshold for significance p <
0.05.

2.4 LC-MS/MS analysis

Hydrolysis of isolated proteins with the three in vitro digestion models was analysed by liquid
chromatography with tandem mass spectrometry (LC-MS/MS). This technique allows the
identification of smaller peptides (< 5 kDa). Prior to mass spectrometry analysis, additional Pepstatin
was added to all gastric samples. The gastric samples were diluted to the required protein
concentration for injection into the spectrometer (37 ng of BLG or BCS and 50 ng of LYS or OVA). All
gastric samples were filtered using a 0.45 um filter before injection of 10 puL. For the intestinal
samples, 10 uL were injected, corresponding to 120 ng of protein (unfiltered) for the infant and early
phase adult models and 6 ng of protein (filtered) for the late phase adult model. The smaller amount
injected for the latter is a limitation from the highly diluted samples of the late phase adult protocol.

For mass spectrometry analysis, a nano-RSLC Dionex U3000 system fitted to a Q-Exactive mass
spectrometer (Thermo Scientific, San Jose, USA) equipped with a nanoelectrospray ion source was
used. Samples were concentrated on a p-precolumn pepMap100 (C18 column, 300 pm i.d. x 5 mm
length, 5 um particle size, 100 A pore size; Dionex, Amsterdam, The Netherlands) and separated on a
PepMap RSLC column (C18 column, 75 pm i.d. x 150 mm length, 3 pum particle size, 100 A pore size;
Dionex) with a column temperature of 35 °C. Peptide separation was performed at a flow rate of 0.3
uL/min using solvents A [2% (v/v) acetonitrile, 0.08% (v/v) formic acid and 0.01% (v/v) trifluoroacetic
acid (TFA) in HPLC grade water] and B [95% (v/v) acetonitrile, 0.08% (v/v) formic acid and 0.01% (v/v)
TFA in HPLC grade water]. The elution gradient first rose from 5 to 35% solvent B over 40 min, then
up to 85% solvent B over 5 min before column re-equilibration. The mass spectra were recorded in
positive mode using the m/z range 350-3000. The resolution of the mass analyser for m/z of 200
atomic mass units was set in the acquisition method to 70,000 for MS and 17,500 for MS/MS. For
each MS scan, the ten most intense ions were selected for MS/MS fragmentation and excluded from
fragmentation for 20 s.

Peptides were identified from the MS/MS spectra using the X!TandemPipeline software
(http://pappso.inra.fr) against an in-house database composed of the sequence of the proteins to
which was added the common Repository of Adventitious Protein (http://thegpm.org/crap). No
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specific enzymatic cleavage was specified and the possible post-translational modifications searched
were serine phosphorylation, methionine oxidation, and deamidation of glutamine or aspartic acid.
Peptides identified with an e-value < 0.01 were automatically validated, giving an evaluated false
discovery rate of less than 1% at the peptide level. Only peptides of minimum 6 amino acids long can
be identified with this strategy.

Data analyses were performed using the R software, version 3.3.1 (R Core Team, 2014). A statistical
analysis of the identified peptides longer than 9 amino acids was performed. Peptides of molecular
weight (Mw) higher than 4 kDa were not detected automatically by the technique.

2.5 OPA assay

The standard ortho-phthaldialdehyde (OPA) spectrophotometric assay®' was performed to quantify
the amount of free NH, groups released during the proteolysis of both meals with the three in vitro
models. This is indicative of the hydrolysis of total protein. Prior to the assay, 5% trichloroacetic acid
(166 uL) was added to digested sample (100 pL) to cause the precipitation of insoluble protein that
could interfere in the analysis, followed by centrifugation at 10,000 g for 30 min at room
temperature. OPA reagent was prepared by dissolving 3.81 g of sodium tetraborate in approximately
80 mL Milli-Q water under stirring at 50 °C. Then, 0.088 g dithiothreitol and 0.1 g sodium dodecyl
sulphate were added after cooling down to room temperature. Finally, 0.080 g OPA dissolved in 2
mL of ethanol was added in the solution that was made up to 100 mL with Milli-Q water. L-leucine
was used as standard. The calibration curve was obtained with different concentrations (0-10 mM)
of the standard solution made in 10 mM phosphate buffer solution. In micro-titre plates, 10 ul of
standard/sample were loaded into each well and mixed with 200 pl of OPA reagent, allowing the
reaction to proceed for 15 min at room temperature. The absorbance was measured at 340 nm
using a microplate photometer (Multiskan FC, ThermoFisher Scientific). Each measurement was
conducted in triplicate. Data are presented as mean values + standard deviation. Comparison
between in vitro digestion models over time was done with two-way ANOVA and post hoc
Bonferroni multiple comparison test with a threshold for significance p < 0.05.

3. Results and discussion

Three in vitro digestion protocols have been applied to isolated proteins from bovine milk and hen’s
egg as well as the respective meal. The infant model follows the protocol recently published by
Menard and co-workers,* which is based on in vivo data available in literature, and represents the
mildest digestive conditions tested. In particular, the infant gastric average pH (5.3) is higher than
that in adults (3 in the early phase and 1.2 in the late phase) and is out of the optimum range for
pepsin activity (pH = 1.6-4). Furthermore, the average enzyme activity in the gastric and intestinal
compartment is also lower in the infant model, as is the total concentration of bile acids in the small
intestine. The early phase adult simulation is based on the INFOGEST harmonised protocol from
Minekus and co-workers® that has been validated against in vivo data and its reproducibility has
been confirmed by ring trial.*> The late phase adult gastric model follows the current pepsin
resistance test,” which uses a low pH and high pepsin activity compared to the early phase adult
model. This is followed by the intestinal phase of the INFOGEST harmonised protocol.

3.1 In vitro digestion of isolated bovine milk proteins

The digestion of isolated milk proteins, BLG and BCS, was first evaluated with SDS-PAGE and the
results for the three in vitro models are shown in Figure 1A and 1B. The lanes “BLG” and “BCS”
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correspond to the protein before digestion and the time points of the gastric and intestinal phase
are given in minutes. The control lanes “C” in both gastric and intestinal phase correspond to the
experiment where the isolated protein was replaced by ultrapure water, thus only show bands of
the digestive enzymes as labelled in the figure. Top pictures (Figure 1 A1, A2, B1, B2) correspond to
the infant model, middle pictures (Figure 1 A3, A4, B3, B4) to the early phase adult model and
bottom pictures (Figure 1 A5, A6, B5, B6) to the late phase adult model.

There are clear differences in the gastric proteolysis of BLG and BCS across the three in vitro models.
Namely, the whey protein BLG is pepsin-resistant throughout the gastric phase (Figure 1 A1, A3, A5),
whereas BCS is rapidly hydrolysed (Figure 1 B1, B3, B5). The band corresponding to intact BLG (18.4
kDa) is present after 60 min of gastric digestion regardless of the model and no bands of smaller Mw
corresponding to hydrolysis products can be visualised. This agrees with the results of pepsin
resistance test for BLG (or gastric late phase adult model) reported by Thomas and co-workers.’
Conversely, the band corresponding to intact BCS (23.8 kDa) disappears at different rates depending
on the model and is no longer visible after 60 min of infant gastric digestion. This is more accurately
shown in the percentage of intact protein determined from densitometry analysis on bands (Figure
1C and 1E). The contrasting susceptibility of BLG and BCS to pepsin digestion is well-known and is
related with the nature of both proteins, globular versus open structured, respectively. In particular,
most of the pepsin cleavage sites are buried in the hydrophobic core of BLG.*

As BCS is susceptible to pepsin, different gastric digestion is expected for this protein across the
three models. It is worth noting that in the late phase adult model, the pepsin to test protein ratio is
the greatest of the three protocols of in vitro digestion (10000 U/mg of test protein), followed by the
early phase adult model (800 U/mg of test protein) and the infant model (85 U/mg of test protein).
For this reason, the intensity of the band corresponding to pepsin (34.6 kDa) is greater in the late
phase adult model than in the early phase adult model and essentially invisible in the infant model.
Therefore, the limited proteolysis of BCS was observed for the infant protocol, followed by
intermediate and extensive hydrolysis for the early and late phase adult models, respectively. In the
infant model (Figure 1 B1), BCS was partially hydrolysed by pepsin after 30 s and bands of lower Mw,
4-22 kDa peptides, corresponding to hydrolysis products, are already visible and become more
intense at 10 min. Their intensity gradually decreases afterwards, although these peptides are still
visible at 60 min of the gastric phase. In the early phase adult model (Figure 1 B3), only bands
corresponding to protein fragments smaller than 20 kDa are visible after 30 s of gastric digestion and
peptides smaller than 5 kDa are detected afterwards, which gradually decrease in intensity until the
end of the gastric phase. Figure 1E also shows a faster disappearance (at 30 s) of intact BCS during
the gastric phase for the early phase adult model, as compared to the infant one. As discussed by
Menard and co-workers,” the slower kinetics of BCS gastric digestion in the infant model is largely
due to the loss of pepsin activity at pH 5.3, ~ 10% of its activity at pH 2,>* as compared to the optimal
pepsin activity at pH 3 in the early phase adult model, rather than the content of pepsin. Indeed, a
previous study reported similar BCS gastric digestibility for an infant and adult model working with
similar differences in pepsin content (8-fold lower in the infant) but closer pH values (2.5 and 3 for
adult and infant, respectively).® The gastric proteolysis of BCS is even faster for the late phase adult
model and only a faint band corresponding to protein fragments of 5 kDa approximately is observed
after 30 s of gastric digestion, and this is not visually detectable after 5 min (Figure 1 B5). This
greater extent of BCS hydrolysis in terms of peptides is not visible in the percentage of intact BCS in
the gastric phase of both adult models (Figure 1E).
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358

359 A different story is observed in the intestinal phase, where BLG was significantly hydrolysed even
360 under the milder conditions of the infant model (Figure 1 A2). This agrees with the rapid intestinal
361  digestion of BLG present in infant formula.” A very faint band of ~ 3 kDa appears after 30 s of
362 intestinal digestion, which gradually vanishes afterwards suggesting almost complete hydrolysis by
363 intestinal proteases (see also Figure 1D). BCS seems to be fully digested after 30 s of intestinal
364  digestion (Figure 1 B2 and F) although it was already largely hydrolysed by the end of the gastric
365 phase. The rest of the bands present in the intestinal phase correspond to the enzymes in the
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pancreatin extract. In the early phase adult model (Figure 1 A4, B4), the SDS-PAGE suggests that
both proteins seem to be completely digested after 30 s of intestinal digestion (see also Figure 1D
and 1F). A faster duodenal digestion is expected since the intestinal enzymes to test protein ratio is
also larger in the early phase adult model (68.8 trypsin U/mg test protein) as compared to the infant
model (6.75 trypsin U/mg test protein). This is reflected in the greater intensity of the bands
corresponding to pancreatin enzymes. Dupont and co-workers reported much slower kinetics and
lower extent of hydrolysis of BLG with an infant and adult intestinal digestion as compared to our
results.® This could be partially explained by the use of phospholipids vesicles in their study, which is
known to protect BLG against pancreatic proteases degradation.”® More importantly, the
trypsin/chymotrypsin to test protein ratio used in the present protocols are higher. Regarding the
intestinal phase in the late phase adult model, Takagi and co-workers also reported the rapid
digestion of BLG under intestinal conditions that would correspond to the late phase adult model in
the current study, although without previous gastric digestion.*® The bands shown in the intestinal
phase of the late phase adult model correspond to trypsin and chymotrypsin (Figure 1 A6, B6). These
individual enzymes replaced the pancreatin extract in the remaining digestion experiments on
isolated proteins because the greater intensity of the bands corresponding to the complex mixture
of enzymes in pancreatin makes difficult the interpretation of the SDS-PAGE results.

The size of the peptides successfully identified by LC-MS/MS in at least two of the three replicates
from BLG and BCS digestion at each time point is presented in Figure 2. The number of peptide
sequences identified in total for each model of digestion is summarised in Table 1. The data in the
box plots indicate the peptides in the gastric phase from BLG (Figure 2a) were much smaller (< 3
kDa) than those observed from BCS (< 4 kDa) (Figure 2b). Despite the fact that SDS-PAGE showed
that BLG was largely unaffected by pepsin, regardless of the digestion model (Figure 1A and 1C), the
LC-MS/MS data demonstrate that a relatively large number of different peptides (72 in total from
the three models) were still detected (Table 1) but were most likely in low abundance. Only a small
proportion of BLG was hydrolysed by pepsin during the gastric phase, showing no difference in the
band intensity of the intact protein on SDS-PAGE gels for the infant and early phase adult models.
However, approximately 20% of intact BLG was hydrolysed in the late phase adult model as seen in
Figure 1C and a larger number of gastric peptides (53) was also identified in this model, compared to
those in the early phase (42) and infant model (32) (Tablel). For BLG, the median Mw values are
quite similar in the gastric phase between the early and the late phase adult model, with median
values decreasing slightly over time. The infant model led to peptides of higher Mw also decreasing
over time. In the late phase adult model, pepsin was able to release rather larger peptides of 2.8 kDa
whereas the highest Mw observed with the early phase model was around 2.1 kDa. In the intestinal
phase, BLG generated peptides with Mw tending to be higher than in the gastric phase. This can be
explained by a much larger proportion of the protein being hydrolysed (Figure 1A and 1D) leading to
more diversity in the peptides released. With the infant and early phase adult models, peptide Mw
tended to decrease over digestion time whereas the opposite tendency was seen with the late phase
adult model. The low number of peptides identified in the late phase adult intestinal samples (Table
1) could be the result of the smaller amount injected compared to the infant and early phase adult
models. In summary, a total of 72 unique peptides were identified in the gastric phase after in vitro
digestion of BLG with the three models and 138 in the intestinal phase (Table 1). The larger number
of peptides identified in the intestinal phase as compared to the gastric phase positively correlates
with a greater extent of proteolysis.
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Figure 2: A box plot of peptide molecular weight from BLG (a) and BCS (b) after gastric and intestinal
digestion with the three in vitro models. Numbers at the bottom are the number of unique peptide
sequences identified at each time point.

In contrast to BLG, a total of 472 peptides were unambiguously identified for BCS in the gastric
phase, whereas only 296 were found in the intestinal phase (Table 1). The fact that BCS generated a
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larger number of unique peptides in the gastric phase is certainly related to the greater extent of
hydrolysis by pepsin (Figure 1B and 1E). In the gastric phase, the median values of the peptide Mw
observed with the infant model are higher than those in the early phase adult model, which in turn
are higher than those in the late phase adult model (Figure 2b). This confirms a more intense
proteolysis in the adult models and in particular with the late phase. There is a tendency of the
median Mw value to decrease over time regardless of the in vitro digestion model. In the intestinal
phase, median Mw values were much lower than those for the gastric phase, indicating further
extent of hydrolysis into smaller peptides and in agreement with SDS-PAGE results in terms of
protein fragments of Mw smaller than 5 kDa (Figure 1B). Among the three protocols, the infant
model led to peptides with highest Mw as expected. With the infant and early phase adult model,
median Mw value decreased consistently over time, which was not the case with the late phase
adult model.

In general, the total number of unique peptides identified in the gastric phase increases in the order
infant < early phase < late phase for BLG and BCS and the opposite is observed in the intestinal
phase (Table 1). There may be a positive correlation between the number of unique peptides
identified in every digestion product and their in vitro digestibility in the gastric compartment.

Table 1: Summary of the total number of unique peptide sequences identified for the gastric and
intestinal phase of each in vitro digestion model and unambiguously with the three models.

Protein | Compartment | Total from the three Infant Early Late
models Phase Phase
BLG Gastric 72 32 42 53
Intestinal 138 136 63 40
BCS Gastric 472 224 292 264
Intestinal 296 170 99 40
LYS Gastric 16 4 3 16
Intestinal 20 20 17 7
OVA Gastric 91 36 88 85
Intestinal 434 406 286 163

3.2 In vitro digestion of isolated hen’s egg proteins

The proteolysis of isolated egg proteins, LYS and OVA, were first analysed by SDS-PAGE and the
results are shown in Figure 3A and 3B for the three models of in vitro digestion. Figure 3C-F displays
the calculated percentage of intact protein from densitometry on bands. Figure 3A shows the LYS
band with a Mw of around 14.3 kDa that seems unaffected by pepsin throughout the gastric phase
in the infant and early phase adult model (Figure 3 A1, A3), which is also reflected in the
densitometry analysis in Figure 3C. There is only a statistically significant decrease of the intensity of
the band of intact LYS at 20 min of the gastric phase in the late phase adult model (Figure 3C) and a
faint band of much lower Mw, 2-3 kDa, appeared (Figure 3 A5) corresponding to hydrolysis products.
The band of intact LYS had completely disappeared after 60 min of the gastric phase in this model.
The resistance of LYS to pepsin digestion agrees well with the results reported by Fu and co-workers
under conditions of the gastric late phase adult model or pepsin resistance test.” However, intact LYS
could be seen in their SDS-PAGE until 60 min of the gastric phase, which contrasts with our results,
where intact LYS could be seen until 30 min (Figure 3 A5). This difference might be caused by
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differences in pepsin activity as Fu et al. added the enzyme by weight rather than activity making it
difficult to compare.

In contrast to LYS, OVA was more susceptible to pepsin digestion, at least under conditions of the
early and late phase adult models (Figure 3 B3, B5). The intensity of the band corresponding to intact
OVA (Mw ~ 45 kDa) remains constant throughout the infant gastric digestion (Figure 3 B1 and E). In
the early phase adult model, the proteolysis starts to be statistically significant after 20 min of the
gastric phase as shown by the decrease of band intensity (Figure 3E) and appearance of protein
fragments of slightly lower Mw and much smaller hydrolysis products of Mw of 3-4 kDa (Figure 3
B3). A larger extent of OVA gastric digestion was found with an infant model by Dupont and co-
workers,® which is likely due to the lower gastric pH (pH 3) used in their study that is more optimal
for pepsin activity, 70% of the maximum in comparison to 10% at pH 5.3.** This also demonstrates
the importance of setting a relevant pH because it affects the enzymatic activity. The rate of OVA
gastric proteolysis in an adult model was also slightly faster in their study, but the gastric extent is
very similar to that obtained here (ca. 20%). In the late phase adult model (Figure 3 B5), the
proteolysis occurs at earlier times, 5 min, as seen in Figure 3E, although intact OVA could still be
seen at 30 min. This is in complete agreement with the results of pepsin resistance test obtained in
the majority of laboratories (6 out of 9) in a ring trial.® Furthermore, the densitometry profile shown
in Figure 3E greatly resembles that reported by Takagi and co-workers for the pepsin resistance test
of OVA.*
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474  Figure 3: SDS-PAGE of the digesta of isolated LYS (A) and OVA (B) with the infant, early phase adult
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479  PAGE (n = 2). Different letters mean significant differences (p < 0.05) between models over time.
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481

482 Different intestinal proteolysis can also be observed across models and between proteins. In
483  general, the proteolysis was slower and reached a lower extent in the infant model, intermediate
484  behaviour occurred in the early phase adult model, and faster and greater extent was reached in the
485 late phase adult model (Figure 3D and 3F). Although both proteins were already hydrolysed by the
486  end of the gastric phase in the late phase model. OVA seemed to attain the maximum extent of
487  digestion at the beginning of the intestinal phase, regardless of the model (Figure 3F), also in terms
488  of appearance of hydrolysis products. This contrasts with LYS kinetics of intestinal proteolysis. In
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particular, in the early phase adult model, OVA was largely hydrolysed in the gastric phase whereas
LYS was mostly digested in the intestinal phase (Figure 3D). This suggests that LYS is more
susceptible to pancreatic enzymes while OVA is relatively resistant, which confirms previous findings
on OVA intestinal stability without previous gastric phase.* Both large protein fragments (36-45
kDa) and low molecular weight hydrolysis products (3 kDa) appeared across the intestinal phase of
the early phase adult model (Figure 3 B4). Interestingly, the final extent of digestibility is similar for
both proteins at the end of the intestinal phase within each model (Figure 3D and 3F). Specifically,
approximately 40-50% of intact protein remains in the infant model, 10-20% in the early phase adult
model and 0% in the late phase adult model. The varying extent of protein intestinal digestion across
the three models can be ascribed not only to the different trypsin/chymotrypsin to test protein ratio,
but also to the different concentrations of bile salts. It has been shown that greater bile salt
concentration accelerates the rate of proteolysis for certain dietary proteins.*’” The kinetics and
extent of OVA intestinal proteolysis in the infant and early phase adult model agree very well with
previous results.® The different extent of proteolysis of LYS and OVA at the end of the intestinal
phase for each in vitro digestion model emphasises the relevance of considering different Gl
scenarios representative of the physiological situation in adults and infants. The fact that a protein is
fully hydrolysed in the late phase adult model does not necessarily imply complete digestion with
the other two models. Therefore, the current pepsin resistance test (corresponding to the gastric
late phase adult model) may only be suitable for a first screening, whereby proteins that are
resistant to digestion under these harsh conditions are not expected to be digested under the milder
conditions of the early phase adult or infant models.

LC-MS/MS data indicate that LYS only generated 16 unique peptides during in vitro digestion in the
gastric phase and 20 unique peptides in the intestinal phase in total across the three models (Table
1). These low numbers of peptides are in accordance with the high resistance of LYS to Gl digestion
seen by SDS-PAGE with the infant and early phase adult model, and confirm previously published
results.® It was shown in that study that the resistance of LYS to pepsin digestion is due to its rigid
structure given by the four disulphide bridges and proteolysis only occurred at a highly acidic pH
range from 1.2 to 2, likely because of the slightly increased flexibility of LYS at this pH.*® It is
therefore reasonable to identify more peptides in the gastric compartment with the late phase adult
model (16) than with the other two models (4 in the infant model and 3 in the early phase adult
model) (Table 1). In addition, it has been shown that when cleaved by pepsin, LYS leads to the
formation of peptides of Mw less than 4-5 kDa,® which are not readily detectable by the LC-MS/MS
protocol used in the current study (Figure 4a). Indeed, SDS-PAGE showed the appearance of
hydrolysis products of around 3.5 kDa at 20 min of the gastric late phase adult model (Figure 3 A5).
In the intestinal phase, LYS has been shown to precipitate in the presence of bile salts making it quite
resistant to proteolysis.? In any case, since the number of peptides coming from LYS clearly identified
is rather low (Table 1), the statistical analysis of the dataset does not bring much relevant
information.



527

528
529
530

531

532
533

- 0,5min
6_-2mm
=i a) LYS
s 10 min
20min
5 30min
= 60 min
—
©
()]
~
=
Infant Early Phase Late Phase Infant Early Phase ate Phase
Gastric Compartment Intestinal Compartment
rrr r r 1 r 1 r 1 r 1717 T17 171717 17717 71§17 §T 17T 17T 17 17T 71T 7T T§T°U70 ©° 17 17 17T 01§ 7T 7§ 7T 717
L e B TR O N " O B IO O N o TR T o O -~ TR~ SO N - O~ - T Tt . "« B e T o T - - T - B S~ TR - - N~ T Y - TN~ - S - B - T - O - ) B~ |
oo nnnn s AN AN NN NN NN A A NN S S =S
€ € € &€ € &£ € £ € € € € &8 e 0L 0 0 0 o0 w4 o0 04X L X L X X XN U I £ e c |
e e e &8 &8 8 & B BB B B E B £ [
—
©
()]
~
—
EarIvPhase
Gastric Compartment
. r r 1t rfr7r 7171 1T 1 1T 7171 T T 1 T 1T 1 T T T 1T LI LI
® ©® N MmN L O NMm N O N A O " R EEEEEEEEE R E R @ ~
R I T - T - T~ = = e PR3 3AFaLmaaseanaanq -
[=J - | I | I I R I R - SR S s T T o N o O T O T o A S o e B N B | R I T |
e 2 e € 8B B E € €8 e e e e cecc 0 8 B B 0 1 8 01 0 B 0 K 0 0 8 1 0 2 22 =
8 & &8 &8 & &8 &£ & £ & &£ €6 & &8 & e

Figure 4: A box plot of peptide molecular weight from LYS (a) and OVA (b) after gastric and intestinal
digestion with the three in vitro models. Numbers at the bottom are the number of unique peptide
sequences identified at each time point.

Among the peptides produced from OVA in the gastric phase, those from the early and late phase
adult models were of higher Mw compared to peptides from the infant model (Figure 4b), although
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the trend in time of the median Mw shows values slightly higher in the infant model and similar
between the two adult models. This gastric behaviour follows a similar trend to that for BLG and BCS
(Figure 2), confirming a more intense proteolysis in the adult models. The median Mw values of the
peptides decreased on average slightly with time, regardless of the model. Peptides from OVA of
much larger Mw were identified in the intestinal phase, which may be attributable to a larger
proportion of the protein being hydrolysed by intestinal enzymes (Figure 3B). This leads to more
diversity in the peptides released and resembles the behaviour found for BLG in Figure 2a, where
larger peptides were indentified in the intestinal phase compared to the gastric phase. In this case,
peptides of higher Mw were seen in the infant model, followed by the early phase and late phase
adult models, which may be explained by the lower extent of proteolysis in the infant model (Figure
3B and 3F). Only in the infant and late phase adult models was evolution of peptide size, median
Mw, with time observed. In summary, a total of 91 unique peptides were identified in the gastric
phase after in vitro digestion of OVA and 434 in the intestinal phase across the three models (Table
1). The larger number of peptides identified in the intestinal phase as compared to the gastric phase
positively correlates with a greater extent of proteolysis.

As a general trend and as for isolated milk proteins, the number of unique peptides identified in the
gastric phase increases in the order infant < early phase < late phase for LYS and OVA and the
opposite is observed in the intestinal phase (Table 1). Therefore, this confirms a positive correlation
between the number of unique peptides identified in the gastric compartment and the in vitro
digestibility. This is inconclusive in the intestinal stage.

3.3 Impact of the food matrix/processing on in vitro protein digestion

The in vitro digestion of proteins in bovine milk with the three models was first monitored with SDS-
PAGE and results are shown in Figure 5A, with particular focus on BLG and BCS. In this case, the lane
labelled as “Milk” corresponds to the meal blank before digestion, showing the band corresponding
to intact BCS within the group of bands of caseins, and BLG band at lower Mw. The whey protein a-
lactalbumin (allergen Bos d 4) of around 14.2 kDa can also be seen below the BLG band, as well as
MFGM proteins at higher molecular weight (> 55 kDa) and bovine serum albumin (allergen Bos d 6)
(66.5 kDa)."* The control lane “C” in the intestinal phase corresponds to the digestive enzymes
present in pancreatin. This complex pancreatic mixture represents a more realistic environment and
was used to digest in vitro the food matrix (milk and eggs). Despite the difficulty of reading SDS-
PAGE at relatively large concentrations of pancreatin, i.e. in the late phase adult model, some useful
information can still be inferred from the comparison with the infant and early phase adult models.
The gastric digestibility profile of BLG and BCS in the whole milk matrix (Figure 5B and 5D) follows a
similar trend for the three in vitro models as compared to the isolated proteins. The results from
isolated proteins (lines in Figure 5B-E) are also included as a reference. Namely, BLG resisted
hydrolysis throughout the gastric phase regardless of the model, whereas BCS was susceptible to
pepsin digestion and its hydrolysis was instantaneous upon starting the gastric phase in the late
phase adult model, whereas it was slower in the early phase adult and infant models. Although the
impact of the food matrix on protein digestion is expected to be less relevant in milk because it is a
liquid, the effect of thermal processing and homogenisation needs to be considered as well. It has
been reported that the temperature of the pasteurisation process (72 °C) was not sufficient to cause
any important changes in the in vitro gastric digestion of milk proteins as compared to raw milk
(non-heated)."® The latter study was carried out with a semi-dynamic gastric model and comparing
milk matrices, not with isolated proteins. Nevertheless, a fast comparison in Figure 5D reveals slight
but significant differences, at least in the dynamics of the early phase adult model. BCS, as part of
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the milk matrix, displays a slightly slower rate of gastric proteolysis with the infant and early phase
adult models as compared to the isolated BCS in water, but the final extent is similar. It is known
that heating above 70 °C induces the denaturation of whey proteins, and that denatured whey
proteins bind to k-casein, both at casein micelle surface and in serum phase.* This complexation
with the surface of casein micelles may exert a protective effect and slightly delay the hydrolysis of
BCS as compared to isolated non-heated BCS in aqueous solution. Tunick and co-workers showed a
slightly higher resistance of BCS to pepsinolysis in homogenised pasteurised whole milk as compared
to raw milk during the first 15 min of gastric in vitro digestion, as seen by SDS-PAGE."” Sanchez-
Rivera et al. reported a noticeable increased resistance of the casein fraction to pepsin digestion in
heated skimmed milk proteins as compare to unheated sample in dynamic in vitro gastric
digestion.*® However, it must be taken into account the higher heating temperature used in the
latter study (90 °C), the non-fat nature of the milk, and the dynamic model of the gastric phase. One
could also argue that the enzyme/substrate ratio is lower in the in vitro digestion of meals than for
isolated proteins due to the larger protein content. For instance, the concentration of total protein
in milk is 35 mg/mL approximately as compared to 5 mg/mL in isolated protein samples.
Nevertheless, the enzyme/substrate ratio should still be high enough to overcome any inhibitory
effect.

On the other hand, a rapid BLG hydrolysis was observed in the intestinal phase of milk for both adult
models as for isolated BLG (Figure 5C). However, BLG in the milk matrix exhibits lower extent of
intestinal digestion with the infant model as compared to the isolated BLG in water. The most
plausible explanation is that the average gastric pH in the infant model (5.3) induced milk
coagulation.” It has been reported that BLG is present in the clots of heated homogenised milk
going through a dynamic gastric simulation.” Heating causes the association of whey proteins with
casein micelles and the association of non-micelle-bound whey protein and k-casein into complexes,
which associate with the micelles at pH values < 5.3.*! This may have protected BLG from pancreatic
enzymes upon gradual intestinal digestion of the clots. Indeed, the static infant gastric model of this
study would be closer to the initial stages of an adult dynamic gastric model, with more elevated pH,
due to the buffering capacity of the meal. It has been shown that the kinetics of digestion of milk
proteins varies according to the in vitro digestion model applied: static versus semi-dynamic.* The
semi-dynamic model was designed to replicate some realistic behaviour found in the stomach in
vivo.*”” The semi-dynamic model considers not only the buffering capacity of the meal, which
increases the gastric pH immediately after meal intake, but also the gradual acidification with the
progressive secretion of the gastric fluid containing the enzymes, and the gastric emptying.
Therefore, in a more realistic scenario, caseins from milk coagulate in the stomach, which affects
their digestibility and delays their gastric emptying, as compared to BLG that empties throughout the
gastric phase. However, this observation does not apply for UHT-treated milk."* Thus, food
processing is another factor to be taken into account. Regardless of these potential issues, Egger and
co-workers compared the digestion of milk proteins in vivo and in vitro (INFOGEST consensus
protocol for static digestion) and observed an agreement between the end points of the gastric and
intestinal phases, respectively.'®
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Figure 5: SDS-PAGE of the digesta of fresh whole milk (A) with the infant, early phase adult and late
phase adult models. The numbers at the top of the lanes represent the time in min of the gastric or
intestinal phase. The M lane corresponds to the Mw marker. The Milk lane is the meal blank and the
C lane is the control of the digestive enzymes. Percentage of intact protein B), C) BLG and D), E) BCS
within the gastric or intestinal phase of milk (symbols) determined from densitometry on SDS-PAGE
(n = 2). Different letters mean significant differences (p < 0.05) between models over time. Absence
of letters means no significant differences. Lines are results from isolated proteins in Figure 1.
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Figure 6A shows the proteolysis during the in vitro digestion of soft-boiled hen’s egg with the three
models. The lane labelled as “Egg” corresponds to the meal blank before digestion, showing the
bands corresponding to OVA and LYS. Other egg white proteins can also be identified, such as
ovomucins above 95 kDa, ovotransferrin (allergen Gal d 3) of around 76 kDa, and ovomucoid
(allergen Gal d 1) of approximately 28 kDa, but with higher apparent Mw (around 36.5 kDa) due to
its high degree of glycosylation."” Egg yolk proteins can also be detected: a-livetin (allergen Gal d 5)
of around 70 kDa. In general, the Gl proteolysis of LYS and OVA as part of the soft-boiled egg matrix
follows a similar trend (Figure 6B-E) to the isolated proteins in aqueous solution. Namely, a lower
extent of hydrolysis is seen for the infant model, intermediate extent for the early phase adult model
and larger extent for the late phase adult model. Nevertheless, there were differences in the in vitro
digestion of both proteins regarding the effect of the food matrix and processing, i.e. soft boiling.
LYS was hydrolysed faster within the egg matrix throughout the gastric and intestinal phase
regardless of the model (Figure 6B and 6C), although the maximum extent of hydrolysis at the
beginning of the intestinal phase was similar to that attained for isolated LYS in aqueous solution at
the end of the intestinal phase. Specifically, 40-50% intact LYS remains in the infant model, 10-20%
in the early phase adult model, and 0% in the late phase adult model. Martos and co-workers
reported a slightly higher susceptibility of raw egg white protein to Gl hydrolysis in the presence of
egg yolk, although an increased amount of intact LYS was found after intestinal digestion.'” The
authors attributed these results to the presence of components in the egg yolk, such as
phosphatidylcholine, that partially prevents LYS precipitation in the presence of bile salts in the
intestinal phase,® and soluble LYS seemed to be resistant to proteolysis. The faster LYS digestion
observed in our current study may be explained by thermal processing. Wang and co-workers
reported greater egg white protein digestibility when separated from egg yolk in hard-boiled egg as
compared to raw egg stored at 4 °C.%! In addition, Liu et al. reported increased digestibility of LYS
and OVA in egg white when heated at 80 °C at a wide range of pH (4-9).”> However, OVA attained a
lower extent of digestion within the egg matrix during the gastric phase for both adult models
(Figure 6D), although a similar extent was reached over the course of the intestinal phase regardless
of the model (Figure 6E), compared to isolated OVA in aqueous solution. Heat-induced (80 °C for 6 h)
denaturation and aggregation of isolated OVA has been shown to enhance its in vitro
gastrointestinal digestion due to exposure of additional proteolytic cleavage sites that are hidden in
the native state.” *° The same was observed when heating OVA at higher temperature (100 °C for 5
min).** However, the lower extent of pepsinolysis of OVA within the egg matrix in the current study
as compared to non-heated isolated OVA might be caused by posttranslational modifications, such
as glycosylation in the presence of reducing sugars like glucose during cooking.'® Additionally, it
could be due to a limited access of the enzyme cleavage sites in the semi-solid matrix, and once the
matrix structure has been broken down at the end of the gastric phase, there is no difference
between the intestinal digestion of isolated OVA and within the soft-boiled egg. Martos and co-
workers observed a lower extent of duodenal digestion of OVA in the whole raw egg matrix as
compared to isolated OVA and attributed the effect to the presence of ovomucoid, a trypsin
inhibitor that partially retains its inhibitory activity after pepsin digestion.”” We have not found
significant differences in the intestinal digestion of intact OVA when in the soft-boiled egg matrix or
isolated. Therefore, soft boiling the egg may have affected the inhibitory activity of ovomucoid.®
However, this inhibitory effect may only be relevant in the infant model where ovomucoid (36.5
kDa) seems to resist pepsin digestion. In summary, the effect of the egg matrix and processing, i.e.
soft-boiling, had an impact on the kinetics of protein hydrolysis and gastric end point, but not on the
intestinal end point.
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Figure 6: SDS-PAGE of the digesta of soft-boiled egg (A) with the infant, early phase adult and late
phase adult models. The numbers at the top of the lanes represent the time in min of the gastric or
intestinal phase. The M lane corresponds to the Mw marker. The Egg lane is the meal blank and the
C lane is the control of the digestive enzymes. Percentage of intact protein B), C) LYS and D), E) OVA
within the gastric or intestinal phase of egg (symbols) determined from densitometry on SDS-PAGE
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(n > 2). Different letters mean significant differences (p < 0.05) between models over time. Absence
of letters means no significant differences. Lines are results from isolated proteins in Figure 3.

The densitometry analysis on SDS-PAGE to determine the digestibility of specific proteins within the
food matrix might not be completely accurate since some peptides coming from the hydrolysis of
higher Mw proteins can also correspond to the Mw of intact proteins. However, in terms of total
protein, one can still appreciate obvious differences in the digestibility of milk and egg proteins
across the three in vitro models (Figures 5A and 6A). Regarding proteolysis in milk, SDS-PAGE shows
a faster disappearance of bands corresponding to MFGM proteins (> 55 kDa), bovine serum albumin
(66.5 kDa) and a-lactalbumin (14.2 kDa) in the adult models as compared to the infant model (Figure
5A). This can also be generalised for the hydrolysis of other proteins in the egg matrix, such as high
Mw ones (>55 kDa) and proteins bands at around 31 and 36.5 kDa (Figure 6A).

To further assess the effect of the different simulated Gl conditions on protein digestibility in the
food matrix, the OPA assay was performed on digesta samples to quantify the hydrolysis of total
protein and results were compared across models. Figure 7 displays the levels of free amine groups
normalised per mg of initial total protein before digestion. These levels are given in units of number
of moles instead of molar concentration to account for the different volumes or dilution factors in
each in vitro digestion model. The values were corrected for the level of free amine groups present
in the control of digestive enzymes. In general, the amount of released free amine groups increases
over time as the protein hydrolysis proceeds in the gastric and the intestinal phase.'* ?* Differences
in kinetics and extent of total protein digestion are observed between in vitro models for both meals
following the trend seen so far with SDS-PAGE. Namely, a lower extent of digestion for the infant
model, intermediate values for the early phase adult model and larger extent of digestion for the
late phase adult model. These results support the different extent of hydrolysis of total protein in
both meals across models observed by SDS-PAGE, highlighting the importance of the relevant
human conditions simulated in vitro when digesting whole food matrices.
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Figure 7: Amount of free amine groups per mass of initial total protein during gastric and intestinal
digestion of bovine milk and soft-boiled hen’s egg with the three models. Different letters mean
significant differences (p < 0.05) between models over time.

4. Conclusions

Considering that static models of in vitro digestion can only provide physiologically relevant results
at the end points of the gastric and intestinal phases, the conclusions and recommendations in our
study are elaborated in terms of the final extent of proteolysis rather than on kinetics.

An effect of the digestion scenario was seen based on densitometry analysis of intact protein.
Differences were seen in the final extent of gastric and intestinal digestion for isolated proteins and
within the food matrix across the three models of in vitro digestion. In this regard, egg proteins LYS
and OVA either isolated or as part of the egg matrix showed lower, intermediate and larger extent of
gastric and intestinal proteolysis for the infant, early phase and late phase adult model, respectively.
Regarding milk proteins BLG and BCS, only BLG showed lower extent of intestinal proteolysis as part
of the milk matrix in the infant model. More importantly, the total protein digestion in the milk and
egg matrices, quantified by the OPA assay method, followed the trend above for LYS and OVA.

When considering the same in vitro digestion model, the food matrix/processing affected the final
extent of proteolysis (gastric or intestinal). BLG was digested to a lower extent in the intestinal phase
as part of the milk matrix in the infant model. LYS was digested in the gastric phase to a larger extent
with the infant and early phase adult model in the egg matrix, whereas the opposite was observed
for OVA with the two adult models. Therefore, the interaction of proteins with other components in
the food matrix and thermal processing matter even if this is in a liquid/semi-liquid form, which all
have an impact on the final extent of proteolysis. Future investigations on the assessment of protein
digestibility should consider not only the comparison of different human relevant Gl conditions, but
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also the effect of food matrix and processing relevant to the most likely scenario for the
consumption of the protein under investigation.

The presence of intact protein throughout the intestinal phase, such as BLG, LYS and OVA as part of
the food matrix, may be particularly relevant in infants. Their immature gut is underdeveloped and
allows the absorption of appreciable quantities of intact proteins or large peptide fragments, e.g.
milk proteins, yet not in nutritionally significant amount but enough to be detected in the circulating
blood (4-5 orders of magnitude lower than the oral dose).** ** In addition, peptides larger than 9
amino acids were present throughout the intestinal phase for all isolated proteins regardless of the
digestion model. This increases the possibility that potential immunoactive peptides encounter the
immune system through the intestinal route. Work correlating persistent peptide sequences from
digesta with binding epitopes positions is still in progress to elucidate differences across in vitro
models for improved risk assessment on allergenicity. Further work will also be needed to assess
whether this is still the case if brush border enzymes and absorption are included as part of the
analysis. In any case, more targeted research will be needed to link these results to immunological
outcomes.
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