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The impact of protein structure in model infant milk formulas (IMFs) on digestion was evaluated using an in vitro
dynamic digestion model. IMFs differed by their whey protein profile and the heating conditions. Digesta
microstructure was followed by laser light scattering and confocal laser scanning microscopy. Proteolysis kinetics
were monitored by SDS-PAGE and OPA assay and peptide release kinetics by tandem mass spectrometry. The
gastric digesta microstructure depended on the protein structure within IMFs, with the highest protein particle
size in IMF containing native casein micelles. Among whey proteins, denatured/aggregated lactoferrin was the
most sensitive to pepsin hydrolysis. The peptidomic profile during digestion varied among IMFs. More numerous
and resistant intestinal bioactive peptides were observed for the unheated IMF having a whey protein profile
closer to that of human milk. Further physiological studies are required to investigate the benefits of adapting the

IMF whey protein profile on infant health.

1. Introduction

When breastfeeding is not possible or cannot be considered, infant
milk formulas (IMFs) constitute the sole adequate human milk substi-
tute. The challenge for IMF manufacturers is to mimic as much as
possible the gross composition of human milk. Currently, IMFs are
formulated mostly based on bovine milk, presenting a different whey
protein profile to that of human milk. Dietary proteins provide nitrogen
and indispensable amino acids required not only for body protein syn-
thesis but also for other nitrogenous compounds implied in diverse
functions such as neurodevelopment or hormonal regulation (Michael-
sen & Greer, 2014). In addition, dietary proteins, particularly those
present in human milk (e.g. lactoferrin or a-lactalbumin) exert some
bioactive properties (immunomodulatory, antibacterial, etc) either
directly or after bioactive peptide release (Layman et al., 2018;
Lonnerdal, 2016; Wang et al., 2019). Better simulating the protein
profile of human milk in IMFs could lead to better health outcomes for
the infants. This may be achieved through the supplementation of IMFs
with purified bovine milk proteins such as a-lactalbumin and lactoferrin,
the major whey proteins in human milk. Due to the high proportion of
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essential amino acids in a-lactalbumin, the a-lactalbumin supplemen-
tation allows the reduction of the IMF protein content while respecting
the regulatory aminogram and supporting age growing (Davis et al.,
2008; Trabulsi et al., 2011). This is of particular importance since a high
protein content in IMFs has been attributed to the obesity onset in
children (Totzauer et al., 2018). In addition, the amino acid bioavail-
ability may be improved, particularly for tryptophan, a precursor of
serotonin and melatonin (Sandstrom et al., 2008). The lactoferrin sup-
plementation can present some health benefits such as antibacterial and
immunomodulatory activities and an enhanced iron bioavailability
(Lonnerdal, 2009).

IMF manufacturing consists of a succession of steps during which
heat treatments are applied to guarantee the microbiological safety and
to extend the shelf life. Depending on the heating conditions, the extent
of whey protein denaturation and the structure of milk proteins are
differently affected (Halabi, Deglaire, Hamon, et al., 2020; Halabi,
Deglaire, Hennetier, et al., 2020), impacting the functional properties
and nutritional value of IMFs. We have previously shown that the rapid
destabilization of the native casein micelles under gastric conditions
resulted in the formation of large aggregates that slowed down the
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casein pepsinolysis, and that the gastric hydrolysis of denatured lacto-
ferrin was drastically enhanced at the very beginning of the digestion
(Halabi, Croguennec, et al., 2020). Nevertheless, this was observed
using a static in vitro digestion model which, despite its usefulness for a
first screening, does not simulate the dynamic and more physiological
parameters such as the continuous pH monitoring, digestive fluid
secretion and gastric and intestinal emptying. Therefore, dynamic in
vitro digestion models have been developed to better mimic the in vivo
digestion process, particularly the kinetics of protein hydrolysis, such as
reported by Egger et al. (2019). These kinetics have physiological con-
sequences, as it impacts the kinetics of amino acid absorption and thus
the nitrogen metabolic fate.

In the present paper, the influence of protein composition and
structure within IMFs on digestion kinetics was investigated using a
dynamic in vitro model at the term newborn stage. The DIDGI® in vitro
dynamic simulator used in the present study has been previously vali-
dated towards in vivo data for its relevance to simulate infant formula
digestion (Meénard et al., 2014). Two model IMFs were formulated with
the same protein content (1.3% proteins; casein:whey protein ratio of
40:60) but with a different whey protein profile. The Control IMF had a
whey protein profile close to that of commercial IMFs. The LF" o-LA™
IMF had a whey protein profile close to that of human milk. The IMFs
were unheated or heated at 80 °C to reach 65-70% of denatured whey
proteins, value within the range found in commercial IMFs. During
digestion, the IMF destabilization was studied by laser light scattering
and confocal laser scanning microscopy (CLSM), the kinetics of protein
hydrolysis was investigated both by SDS-PAGE under reducing condi-
tions and OPA (o-phthalaldehyde) assay. The kinetics of peptide release
was followed by tandem mass spectrometry, and protein digestibility
was estimated at the final digestion point by nitrogen measurement after
a 10-kDa ultrafiltration.

2. Material and methods
2.1. Materials

2.1.1. Infant milk formula ingredients

Low-heat skimmed milk powder (SMP) was obtained by micro-
filtration, concentration and spray-drying of raw skimmed milk (Fro-
magerie Gillot, Saint-Hilaire-de-Briouze, France) at the semi-industrial
unit Bionov (Rennes, France). SMP was characterized by a whey protein
nitrogen index of 9 mg of nitrogen per g of powder and a protein content
of 36%, as determined by Kjeldhal method (N x 6.38). Whey protein
isolate (WPI; Prolacta®95) was purchased from Lactalis Ingredients
(Bourgbarré, France). Bovine lactoferrin powder (Prodiet Lactoferrin®)
and bovine o-lactalbumin powder were kindly provided by Ingredia
Dairy Experts (Arras, France) and Agropur Inc (Appleton, USA),
respectively. The protein content of the WPI, lactoferrin and o-lactal-
bumin powders was 88, 90 and 84% (w/w), respectively, as determined
by Kjeldhal method (N x 6.38). All protein powders were stored at
—20 °C until use. Lactose was supplied by Armor Proteines (Saint- Brice-
en-Cogles, France). CaCly-2H20 was from AnalaR (Leuven, Belgium),
FeSO4-7H20 from Sigma- Aldrich (St-Louis, USA), KCl from Panreac
(Barcelona, Spain), NagPO4-12H,0 from Merck (Darmstadt, Germany),
and Na3CgHs07-2H50 from Carlo Erba Reagents (Val-de-Reuil, France).
Water was Milli-Q water.

2.1.2. Invitro digestion material

Pepsin was from porcine gastric mucosa (P6887; 3075 U/mg).
Pancreatin was from porcine pancreas (P7545; trypsin activity of 6.7 U/
mg; lipase activity of 85.2 U/mg). Bile extract was from bovine bile
(B3883; 0.9 mmol/g). The enzyme activities and bile concentration were
measured using the assays described by Brodkorb et al. (2019). Enzymes
and bile salts, as well as protease inhibitors namely Pepstatin A (P5318),
Pefabloc® SC (76307) and Pefabloc® SC PLUS (11873601001), were
purchased from Sigma-Aldrich (St. Quentin Fallavier, France).
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2.2. Preparation of the infant milk formulas

The IMFs were produced as described previously (Halabi, Cro-
guennec et al., 2020), with a final composition of 1.32 + 0.02 g of
proteins (casein:whey protein ratio of 40:60) and 5.63 + 0.01 g of
lactose per 100 g of liquid IMFs. The IMFs only differed by their whey
protein profile, with 0.16 g & 0.00 of a-lactalbumin and 0.54 g + 0.01 of
B-lactoglobulin per 100 g of liquid control IMF, or 0.47 g + 0.00 of
a-lactalbumin, 0.06 g of p-lactoglobulin and 0.19 g + 0.01 of lactoferrin
per 100 g of liquid LFta-LA™" IMF, as determined by reverse-phase high
performance liquid chromatography (RP-HPLC).

After an equilibration time at 30 °C for 60 min, glass tubes containing
10 mL of IMFs were pre-heated in a water bath to reach 53.5 °C, then
placed in a water bath at 80 °C during 9 min or 30 min for the control or
LFTa-LAT IMFs, respectively, to reach the same protein denaturation
rate in both IMFs. After heating, the IMF samples were cooled by im-
mersion in an ice-water bath and pooled. Each heat treatment was
repeated three times on three freshly prepared IMF (n = 3). The un-
heated IMFs were used as reference. The heat-induced denaturation
extent of total whey proteins was 69% for the control IMF and 68% for
the LF o-LA™ IMF, as determined by RP-HPLC. Unheated and heated
IMFs were stored at 4 °C before in vitro digestion experiment. The pro-
tein structures obtained by varying the whey protein profile of IMFs and
the heating conditions, characterized by asymmetric flow field flow
fractionation coupled with multiangle light scattering and differential
refractometer (AF4-MALS-dRi) (Halabi, Deglaire, Hennetier, et al.,
2020), are described in the Supplementary Table 1.

2.3. Invitro digestion protocol

In vitro gastrointestinal digestion of the IMFs was carried out
following a dynamic model using the bi-compartmental system DIDGI®
(Ménard et al., 2015). The system was set up to simulate the gastroin-
testinal digestion conditions of term infants at the postnatal age of 4
weeks as described by de Oliveira et al. (2016) with some adaptation to
the IMF-fed infants. The gastric emptying coefficients (t; 2 = 78 min; p
= 1.2) and the intestinal emptying coefficients (t; 2 = 200 min; § = 2.2)
were fixed according to Bourlieu et al. (2014). The gastric pH followed a
linear regression pH = - 0.0155 x t + pHpyr with t the digestion time
(min) and pHyyr the pH of undigested IMF (6.82 + 0.03). The intestinal
pH was maintained at 6.6. The variation of gastric pH was controlled
using 0.5 M HCI and the intestinal pH was neutralized using 0.5 M
NaHCOs. Pepsin was diluted in simulated gastric fluid, composed of 94
mM NaCl and 13 mM HCI (pH 6.5), to 268 U/mL of total gastric volume.
Pancreatin and bile were diluted in simulated intestinal fluid, composed
of 164 mM NaCl, 10 mM KCl and 3 mM CaCl, (pH 6.6), to 7.1 U of
trypsin/mL of total intestinal volume and 3.1 mmol/L of total intestinal
volume, respectively.

Digestions were performed over 180 min. Samples were collected
before digestion (undigested samples) and during both gastric and in-
testinal digestions at 40, 80, 120 and 180 min (G40, G80, G120, G180
for the gastric samples or 140, 180, 1120, 1180 for the intestinal samples).
The emptied intestinal fraction was continuously collected on ice with
regular addition of Pefabloc® as enzyme inhibitor. Except for laser light
scattering and confocal microscopy analysis performed immediately
after sampling, proteolysis was inhibited by adding 10 pL of Pepstatin A
(0.73 mM in methanol) per mL of gastric digesta or 50 pL of Pefabloc®
SC (0.1 M in distilled water) per mL of intestinal digesta. For mass
spectrometry analysis, 50 pL of Pefabloc® SC PLUS (0.1 M in distilled
water) per mL of intestinal digesta were added. Samples were stored at
—20 °C until analysis. Each in vitro digestion experiment was performed
in triplicate (n = 3).
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2.4. Digesta microstructure characterization

2.4.1. Particle size distribution

Particle size distribution of the undigested IMFs and digesta was
measured by laser light scattering using a Malvern Mastersizer 2000
(Malvern Instruments Ltd., Worcestershire, UK) as described previously
(Halabi, Croguennec, et al., 2020). Particle size measurement was per-
formed in triplicate for each sample and for each in vitro digestion ex-
periments (n = 3).

2.4.2. Confocal laser scanning microscopy

The microstructure of the undigested IMFs and digesta was observed
by confocal laser scanning microscopy (CLSM) using a ZEISS LSM880
inverted confocal microscope (Carl Zeiss AG, Oberkochen, Germany) at
x 20 magnification. Samples (200 pL) were gently mixed with Fast Green
aqueous solution (1% w/v; 6 pL) and the mixture was kept at room
temperature for at least 10 min. 20 pL of mixture was deposited on a
glass slide in a spacer and a cover slip was placed on top of all samples.
Fast green was excited using a He-Ne laser system at a wavelength of
633 nm at a 1.72 ps pixel dwell scanning rate and detected using a PMT

[Digestible N ,.,] — [Digestible N
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same concentrations as those found in intestinal digesta. [NHy (oa1] Was
the total content of primary amino groups within the IMFs after acid
hydrolysis by 6 N HCl at 110 °C for 24 h. All the primary amino group
contents were expressed in mg/L of IMF in order to consider the dilution
factor during digestion.

2.6. In vitro protein digestibility

The digestible nitrogen content was determined by the micro-
Kjeldahl method after centrifugation (9,000xg, 10 min, 4 °C) and 10
kDa-ultrafiltration (Vivaspin® 20, 10 000 K MWCO, PES, Sartorius
Stedim Lab Ltd, Stonehouse, UK) operated at 9,000xg during 40 min at
4 °C. This was performed on the intestinal digesta at 180 min of diges-
tion (I180) and on the intestinal fraction emptied over 180 min (I180E).
In vitro protein digestibility was calculated for each type of digesta ac-
cording to the two calculations presented below (Equations (3) and (4))
and was then averaged according to the meal repartition between the
two types of digesta.

Overall in vitro protein digestibility (%) =

[Digestible Ny,] — [Digestible N

secrelions] x 100 (3)

[Total N ugigested M) X % substrate

secrelions] x 100 (4)

Instantaneous in vitro protein digestibility (%) =

between 635 and 735 nm. Images were processed using confocal
acquisition software ZenBlack and recorded in a panorama mode of 2 x
2 images at a resolution of 1944 x 1944 pixels each. Confocal analysis
was performed for each in vitro digestion experiments (n = 3), with at
least 10 micrographs recorded for each sample.

2.5. Proteolysis kinetics

2.5.1. SDS-PAGE and intact protein semi-quantification

The undigested IMFs and digesta were analyzed by SDS-PAGE under
reducing conditions as previously described (Halabi, Croguennec, et al.,
2020). The sample volume loaded on the gel slots was determined based
on a loading equivalent to 5 or 30 ug of proteins from the undigested
IMFs in the gastric or intestinal phase, respectively. The digesta volume
loaded on the gel was then kept constant along the gastric or intestinal
kinetics. The intact proteins remaining in the samples after dilution,
emptying and hydrolysis were determined according to Equation (1).

Protein peak area pg.y,

Intact tein (%)= - 100 1
ntact protein (%) Protein peak area Undigested IMF X M

2.5.2. OPA assay and degree of hydrolysis

The primary amino group quantification of undigested IMFs and
digesta was performed using the OPA method as described previously
(Halabi, Croguennec, et al., 2020). The degree of hydrolysis (DH) was
calculated according to Equation (2), after considering the meal dilution
and emptying by the gastrointestinal secretions.

[NHZdigesla] - [NHZSecrelions] - [NHZUndigesled IMF]

DH (%)=
( 0) [NHZwu\l] - [NH2undigcslcd IMF]

x 100 2)

with [NH3 yndigested iMr] OF [NH gigestal the primary amino group content
in the undigested IMFs or in the digesta, respectively. [NH3 secretions] Was
the primary amino group content of bile and pancreatin solutions at the

[TOtal N digcsla] - [TOtal N sccrcliom]

[Digestible Ngjgestal was the N content (g of N/L of digesta) measured
after centrifugation and 10 kDa-ultrafiltration of the 1180 or I180E
samples. [Total Ngecretions] O [Digestible Ngecretions] Was the N content (g
of N/L of digesta) in a solution containing bile and pancreatin at the
same concentration than those found in the corresponding digesta or
after its centrifugation and 10 kDa-ultrafiltration, respectively. [Total N
undigested IMr] Was the total nitrogen content (g of N/L of IMF) in the IMF
before digestion. % substrate was the estimated proportion of undi-
gested IMF in the digesta (g/100 g of digesta) based on the emptying
equations and on the secretion flows into the simulator. [Total N gigestal
was the N content (g of N/L of digesta) in the digesta.

2.7. Statistical analysis

All data are reported as means =+ standard deviation (SD). Data sta-
tistical analysis was performed using the R software (version 3.6.1).
Residual intact protein and DH variables were analyzed using a mixed
linear model for repeated measures (nlme package). “Time”, “Formula”
(2 levels: control IMF — LF™ a-LA" IMF) and “Treatment” nested within
“Formula” (2 levels: unheated — heated at 80 °C) were considered as
fixed factors, and digestion replicates were designated as random factor.
Residual normality and variance homogeneity for each factor were
tested for all variables with Shapiro-Wilk test and Levene test, respec-
tively (lawstat package). When data were not conformed to the previous
conditions, Box-Cox transformation was performed (MASS package). In
vitro protein digestibility variable was analyzed using a linear model
with “Formula” and “Treatment” nested within “Formula” as fixed fac-
tors. When differences were significant (p < 0.05), pairwise multiple
comparison of the means was carried out using Tukey’s test (Ismeans
package).
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2.8. Peptidomic analysis

2.8.1. Peptide identification and quantification

The undigested IMFs and digesta were analyzed by mass spectrom-
etry as described previously (Deglaire et al., 2019) with some modifi-
cations. 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. After protein content adjustment
in the acid buffer of the chromatographic system (200 ng of dietary
proteins), 5 pL of samples were loaded onto a PepMap RSLC column
(C18 column, 75 pm i.d. x 150 mm length, 3 pm particle size, 100 A pore
size; Dionex) equipped with a micro-precolumn pepMap100 (C18 col-
umn, 300 pm i.d. x 5 mm length, 5 pm particle size, 100 A pore size;
Dionex, Amsterdam, The Netherlands). Peptide separation was per-
formed at a flow rate of 0.3 pL min ! using solvent A [2% (v/v) aceto-
nitrile, 0.08% (v/v) formic acid and 0.01% (v/v) TFA in HPLC gradient
grade water] and solvent B [95% (v/v) acetonitrile, 0.08% (v/v) formic
acid and 0.01% (v/v) TFA in HPLC gradient grade water]. The elution
gradient first rose from 5 to 35% solvent B over 30 min, then up to 85%
solvent B over 5 min before column reequilibration.

The mass spectra were recorded in positive mode using the m/z
range 250-2000. The resolution of the mass analyzer 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 fragmen-
tation and excluded from fragmentation for 10 s. Peptides were identi-
fied from the MS/MS spectra using the X!TandemPipeline C++ software
(version 2017.2.1.4) against a database composed of reviewed proteins
of “Bos Taurus” downloaded from Uniprot (https://uniprot.org; 6905
reviewed proteins) to which was added the common Repository of
Adventitious Protein (http://thegpm.org/crap).

Database search parameters were specified as follows: nonspecific
enzyme cleavage; a 0.05 Da mass error for fragment ions; 10 ppm mass
error for parent ions The possible post-translational modifications were
serine or threonine phosphorylation, methionine oxidation, lysine or
arginine lactosylation, cyclisation of glutamine or glutamic acid into
pyroglutamic acid and acetylation of cysteine, serine, lysine or any
amino acid in N-ter position.

Peptides identified with an e-value < 0.01 were automatically vali-
dated. A minimum of 2 peptides was authorized to validate a protein.
Peptides with a minimal length of 6 amino acids were considered. When
a peptide was measured with several charge states, all ion intensities
were summed. Peptide number represented the number of unique pep-
tide sequences identified despite sequence modifications. Abundance
corresponded to the area under the curve of the eluted peak (ion
intensity).

2.8.2. Peptidomic data analysis

Peptide data analysis was performed using the R software (version
3.6.1). Peptides were considered for analysis if they were detected in at
least 2 out of 3 digestion replicates. Visualization of the amounts of
common or specific peptides among the IMFs was carried out using a
Venn diagram (VennDiagram package).

The abundance of each peptide, determined at each digestion time,
was logl0-transformed [loglO(abundance + 1)] and the maximum
abundance was set to 1. Missing abundances were set at 0. Hierarchical
clustering of the peptides identified in the undigested, gastric and in-
testinal samples (n = 3169) was performed, based on the minimum
within-cluster variance Ward’s agglomeration (hclust function; stats
package). The number of clusters was determined thanks to the bar
heights at one of the most marked jumps (6 clusters). The heatmap and
its dendrogram were displayed (heatmap.2 function; stats package).
Each peptide cluster was characterized based on a number of qualitative
and quantitative physicochemical characteristics (catdes function; Fac-
toMiner package). The qualitative characteristics were the parent pro-
tein, the P1 and P1’ cleavage sites. The quantitative characteristics were
the molecular weight, the isoelectric point, the peptide length and the
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number of essential amino acids. Peptide abundances were compared
within each cluster using a mixed linear model for repeated measures,
with “Time”, “Meal” and their interaction as fixed factors and peptide as
a random factor. When differences were significant (p-value < 0.05),
post hoc tests were performed to test differences among meals at each
time point by using a linear contrast analysis adjusted with a Bonferroni
correction (glht function; multcomp package).

An in-house program allowed the mapping and the calculation of the
average cumulative abundances of the peptides on the parent protein
sequence of og-casein (CASA1), asy-casein (CASA2), B-casein (CASB),
k-casein (CASK), a-lactalbumin (LALBA), p-lactoglobulin (LACB) and
lactoferrin (TRFL). For each digestion replicate and each digestion phase
(undigested, gastric or intestinal samples), abundances of the peptides
were averaged over the different digestion times of the corresponding
phase, summed amino acid by amino acid and log10-transformed [log10
(abundance + 1)]. Missing abundances were set at 0. This mapping
provides a visual overview by heatmap representation of the position of
peptides released within the parent protein sequence (heatmap.2 func-
tion; stats package).

Identified peptides in undigested, gastric or intestinal samples were
examined for homology with literature-identified bioactive peptides
using the Biopep Database (March 2020; 3897 sequences; Iwaniak et al.,
2016) and the MBPDB Database for lactoferrin-derived peptides (July
2020; 65 sequences; Nielsen et al., 2017). Only exact matching between
sequences was considered.

3. Results and discussion
3.1. Structural changes during in vitro gastric digestion

Fig. 1 shows the particle size distributions (Fig. 1A) and the micro-
structure (Fig. 1B) of the IMFs before and during digestion. Before
digestion, the particle size distributions were similar among IMFs, all
presenting a main peak at an average mode of 0.15 £ 0.01 pm assigned
to the casein micelles.

At G40 (pH 6.2), the protein particle size in the unheated control IMF
strongly increased with aggregated protein structures having a 408 + 66
pm modal diameter. These aggregates were of irregular shape (Fig. 1B).
Similar protein particle size increase was observed by Huppertz &
Lambers (2020) for IMFs in presence of pepsin and at gastric pH 6.0. It
could be explained by the preferential pepsinolysis of the exposed
k-casein, inducing the rapid aggregation of para-casein micelles (Tam &
Whitaker, 1972). These protein particles were visible to the naked eye in
the gastric compartment as soon as about 20 min of gastric digestion
(~pH 6.5) (Supplementary Fig. 1). On the contrary, such particle size
increase was not observed for the other studied IMFs indicating that
casein micelles aggregation was hindered. The binding of either dena-
tured whey proteins for the heated IMFs (Ferron-Baumy et al., 1991) or
lactoferrin for the unheated LF™ a-LA™ IMF (Anema & de Kruif, 2013) to
the surface of casein micelles may alter its surface characteristics and/or
the accessibility of k-casein cleavage sites by pepsin thus delaying its
action.

At G80 (pH 5.6), the protein particle size for the unheated IMFs was
still very large while that for the heated IMFs had greatly increased, with
a modal diameter of 14 & 1 pm or 21 + 1 um for the heated control or
LF" a-LA" IMFs, respectively (Fig. 1A). On the opposite, the protein
particle size profile was unchanged for the unheated LF" a-LA™ IMF. The
CLSM images showed a dense distribution of small and compact protein
aggregates for the heated control IMF and more linear strands of protein
for the heated LF™ a-LA" IMF (Fig. 1B). This evolution of the micro-
structure for the heated IMFs was probably more the consequence of the
acid coagulation of the proteins than their destabilization by pepsin. It
has been previously reported that casein micelles coated with denatured
whey proteins coagulate at higher pH (5.1) than native casein micelles
(4.7) (Guyomarc’h et al., 2003). The present protein particle profiles,
obtained at the gastric emptying half time, was similar to that previously
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Fig. 1. (A) Particle size distribution profiles and (B) confocal laser scanning microscopy images during the in vitro dynamic gastric digestion of IMFs.
(A) Data represent means of three independent digestion experiments (n = 3), with each measurement performed in triplicate. At G120, the protein particle size for

the unheated control IMF was too low to be quantified.

(B) Confocal images were observed at a magnification of x20. Proteins are colored in white (FastGreen®). Scale bar: 100 pm.

observed at the end of the gastric static digestion of the same IMFs (pH
5.3) (Halabi, Croguennec, et al., 2020). This highlights the relevance of
the static digestion parameters, initially chosen to mimic the gastric
emptying half time (Ménard et al., 2018).

At G120 (pH 4.9), the protein particle size for the unheated LF*
o-LA" IMF greatly increased compared to that at G80 to get closer to that
for the heated IMFs (13 & 1 pm). Besides pepsinolysis impact, this can be
explained by the decrease of the net charge of the remaining casein
micelles, thus reducing their electrostatic interactions with lactoferrin,
and leading to casein coagulation (Anema, 2019). On the contrary, the
protein particle profile of the heated IMFs remained unchanged, while
the protein particle size for the unheated control IMF could not be
quantified due to a low material density, as observed by CLSM analysis.

3.2. Protein hydrolysis during in vitro gastrointestinal digestion

3.2.1. Residual intact proteins

The kinetics of disappearance of the intact proteins, namely caseins,
a-lactalbumin, p-lactoglobulin and lactoferrin, were observed by SDS-
PAGE under reducing conditions (Fig. 2A, Supplementary Fig. 2). By
comparison with the proportion of meal remaining in the total digesta

volume (meal + secretions), set up to be the same for all IMFs, it can be
deduced whether the protein disappearance was only due to dilution by
secretions and emptying or was additionally due to hydrolysis.

Whatever the IMFs, the caseins were rapidly hydrolyzed during the
gastric digestion with no intact caseins remaining at the end of the
gastric digestion. At G80, the casein hydrolysis tended to be reduced for
the unheated control IMF compared to the heated control IMF (p-value
= 0.0503), which was explained by the presence of large protein ag-
gregates in the gastric compartment at this time (Fig. 1A), reducing the
surface area accessible for pepsin action and/or limiting the pepsin
diffusion into the clot (Ye et al., 2016). For similar reason, a high sam-
pling heterogeneity was observed for the unheated control IMF at G80
and only two out of three samples could be considered for SDS-PAGE
analysis (Supplementary Fig. 1). Nevertheless, the present result is in
agreement with what was observed during the static digestion of the
same IMFs (Halabi, Croguennec, et al., 2020). At G120, a treatment
effect was observed only for the LF" a-LA™ IMFs with 2 + 0% vs. 9 + 5%
of residual caseins for the unheated or heated LF" a-LA™ IMFs, respec-
tively. This could be linked to the slightly higher size (x 2.5) of the
protein aggregates in the heated LF" o-LA" IMF (Fig. 1A).

During the gastric digestion, p-lactoglobulin appeared to be resistant
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to pepsin hydrolysis in a similar manner for the unheated and heated
control IMFs; however, the peptide release was different, as discussed
below. A significant difference appeared regarding the kinetics of the
a-lactalbumin band disappearance between the control IMFs and the
LF' a-LA" IMFs, but this was likely due to the co-elution of lactoferrin-
derived peptides on the track of the LF" a-LA" IMFs gastric digest, as
determined by mass spectrometry analysis after trypsinolysis of the
corresponding protein band (data not shown). Similar resistance of the
intact whey proteins to pepsin hydrolysis was observed for the same
IMFs under static conditions (Halabi, Croguennec, et al., 2020), as well
as for raw or pasteurized human milk (de Oliveira et al., 2016). No more
intact p-lactoglobulin or a-lactalbumin were observed during the intes-
tinal digestion on the SDS-PAGE.

Lactoferrin was resistant to pepsin hydrolysis during the entire
gastric digestion for the unheated LF" o-LA™ IMF, unlike that for the
heated LF* o-LA " IMF. These results are in accordance with our previous
study conducted under static conditions (Halabi, Croguennec, et al.,
2020), as well as with studies conducted on raw versus pasteurized
human milk using the same dynamic system (Nebbia et al., 2020; De
Oliveira et al., 2016). The resistance of native lactoferrin to pepsinolysis
could be explained by its globular structure (Halabi, Croguennec, et al.,
2020), which remained stable despite the pH decrease. In contrast,
denatured/aggregated lactoferrin, for which the extent of denaturation
was 98% for the heated LF" a-LA* IMF (Supplementary Table 1), was
much more prone to pepsin hydrolysis, likely due to a more flexible
conformation and better accessibility to the cleavage sites (Stanciuc
etal., 2013). However, the hydrolysis kinetics was much slower with the

present dynamic conditions than with the static ones (Halabi, Cro-
guennec, et al., 2020), with a time required to reach about 80% of hy-
drolysis of the intact lactoferrin of 120 min vs. 5 min, respectively. This
was linked to the progressive pH decrease, which delayed the pepsin
activity and progressively induced changes in the less stabilized struc-
ture of the denatured/aggregated lactoferrin (Sreedhara et al., 2010).
Overall, as discussed previously (Halabi, Croguennec, et al., 2020), the
bioactive properties of LF are likely to be impacted not only by the
heat-induced conformational changes but also by the subsequent greater
pepsinolysis. This, however, remains to be demonstrated.

Interestingly, the kinetics of lactoferrin disappearance for the heated
LF" a-LA" IMF was very similar to that of caseins in the same IMF,
suggesting that pepsin hydrolyzed similarly both proteins within the
lactoferrin-caseins aggregates. A slight electrophoretic band at ~50 kDa
was observed at G120 and G180 only for the unheated LF" «-LA" IMF.
This protein band, assimilated to the C-terminal fragment of lactoferrin
(Sharma et al., 2013), was still present during the intestinal digestion
and appeared to be resistant to intestinal enzymes, as previously re-
ported (Rastogi et al., 2014). In addition, in the same IMF, some intact
lactoferrin was observed in the early digestion time as well as a band at
~37 kDa. This band, only observed in the unheated LF'" oa-LA" IMF,
could be another product of lactoferrin hydrolysis.

An electrophoretic band for BSA was observed only for the control
IMFs but it could not be quantified due to its low intensity. This band
decreased progressively during the gastric digestion in a slower manner
for the unheated control IMF, for which some intact BSA was still
observed during intestinal digestion.
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3.2.2. Degree of hydrolysis and protein digestibility

Fig. 2.B shows the DH evolution during in vitro gastrointestinal
digestion. During the gastric digestion, the DH slightly increased for all
IMFs to reach at 180 min values of 5 + 1% for the control IMFs vs. 6 +
1% for the LF" a-LA™ IMFs, in agreement with those obtained by Le
Roux, Menard, et al. (2020).

In the intestinal compartment, proteolysis drastically increased for
all IMFs and reached an average DH of 30 + 2% at 40 min. Afterwards,
the DH progressively increased for all IMFs (p < 0.05) but in a different
manner, with a DH tending to be lower for the unheated control IMF
than for the other IMFs, this difference being statistically significant only
at 120 min. DH did not significantly differ among IMFs at 180 min and
reached 46 1 4% for all IMFs, value in line with Le Roux, Menard, et al.
(2020). The final DH values were 15-28% higher under dynamic than
under static conditions for the unheated LF" o-LA™ IMF and the control
IMFs. A similar difference has been previously reported between static
and dynamic models of digestion applied to a control IMF (Le Roux,
Chacon, et al., 2020; Le Roux, Menard, et al., 2020). However, the
reverse was true for the heated LF" a-LA" IMF with a DH being 18%
lower under dynamic than under static conditions (Halabi, Croguennec,
etal., 2020). This must be due to the slower lactoferrin hydrolysis and its
concomitant delivery towards the intestinal compartment under the
dynamic conditions (Fig. 2A), while an almost complete hydrolysis of
the denatured lactoferrin was observed during the static gastric diges-
tion before being submitted to the intestinal phase.

In vitro protein digestibility was calculated considering all the in-
testinal digestible N (<10 kDa), such as previously suggested (Moughan,
1999) related to the N content of the meal, the latter being determined
either by calculation (overall digestibility) or by analysis of the total N

A
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Control / Unheated
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n=2716
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content in the digesta to which was subtracted the estimated N arising
from the secretions (instantaneous digestibility) (Fig. 2C). The overall
protein digestibility for the unheated control IMF was significantly
lower than that for the other IMFs, while the instantaneous digestibility
was not significantly different among IMFs (mean value of 91.5 + 4.8%).
The overall and instantaneous digestibility values were in good agree-
ment, except for the unheated control IMF, for which the overall di-
gestibility was lower than the instantaneous digestibility (—22
percentage points), thus revealing an overestimation of the N content of
the meal by calculation for this IMF. This indicates that the meal
emptying did not occur as theoretically expected. The irregular transit of
dietary nitrogen towards the intestinal compartment could be explained
by the heterogeneity of the unheated control IMF gastric digest con-
taining large protein particles (Fig. 1B). This suggests that proteins from
the unheated control IMF are slowly emptied, which could impact the
kinetics of absorption, and further modulate the postprandial regional
metabolic fate of nitrogen, at least as demonstrated in adults (Deglaire
et al., 2009). The present protein digestibility for the heated control IMF
corroborated with that reported for similar IMF digested in vitro in Le
Roux, Menard, et al. (2020) (89.2 + 3.9%), but was slightly higher than
that reported in Maathuis et al. (2017) (73.4 + 2.7%). This difference
may be due to a lower cut-off size, although not clearly stated.

3.3. Peptide profile during in vitro gastrointestinal digestion

The present peptide release, and more largely the proteolysis pattern,
obtained after in vitro digestion using porcine enzymes, is expected to be
a good approximation of what would be obtained in human infants, as
the pig, including the piglet, is recognized as a good animal model of
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human for studying protein digestion (Darragh et al., 1995; Deglaire
et al., 2009). More specifically, a previous study has shown that a similar
peptide profile was obtained after milk protein digestion either in vivo, in
humans, or in vitro, using porcine enzymes (Sanchon et al., 2018).

3.3.1. Peptide identification

Prior to and during digestion of the IMFs, a total of 3169 unique
peptides of 6-50 amino acids were identified (data available at htt
ps://doi.org/10.15454/60TI1M), with 2148 peptides common among
the IMFs (Fig. 3A). The majority of the identified peptides derived from
caseins (61%) and to a minor extent from the major whey proteins
(21%) (Fig. 3B), as previously reported for IMFs (Hodgkinson et al.,
2019). More precisely, a great proportion of the identified peptides
originated from f-casein (29% of the total unique peptides), as previ-
ously reported for IMFs (Wada et al., 2017) or human milk (Deglaire
et al., 2019). Regarding the whey proteins, 10% of total unique peptides
derived from f-lactoglobulin, 9% from lactoferrin and 2% from a-lact-
albumin. The low number of peptides originating from whey proteins
could reflect the resistance of whey proteins to pepsin hydrolysis during
the gastric digestion (Fig. 2A), but also probably the non-identification
of the peptides linked together by disulphide bonds. Finally, 18% of
the common peptides derived from minor proteins. Venn diagram
showed that 55 and 34, or 72 and 33 peptides were specific for the
unheated and heated control IMFs, or for the unheated and heated LF"
a-LAT IMFs, respectively (Fig. 3A). Specific peptides mainly derived
from the minor proteins (47%) for the control IMFs or from lactoferrin
(57% and 45% for the unheated and heated LF" a-LA" IMFs, respec-
tively) for the LF" o-LA" IMFs.

3.3.2. Peptide clustering and kinetics of peptide release
The clustering analysis grouped the 3169 unique peptides into six
clusters (Fig. 4). The parent protein was the variable the most
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significantly explaining the clustering (p-value = 1.11 x 1071%%) (Sup-
plementary Table 2), such as previously reported (Deglaire et al., 2019).
Particularly, peptides from caseins vs. those from lactoferrin and
p-lactoglobulin were associated to clusters in an opposite manner.

Clusters 4, 5 and 6 included peptides almost exclusively released
during the gastric digestion and represented a large majority (74%) of
the identified peptides (Fig. 4B). Cluster 4 included peptides originating
mostly from caseins (78% of cluster peptides; 35-48% of the total casein
peptides), of which 101 peptides were present before digestion (Fig. 4A)
with a slightly higher average abundance in the unheated IMFs, which
could partly explain the subsequent greater abundance at G80 for these
IMFs. Cluster 5 contained significantly less lactoferrin peptides than in
overall, unlike that in cluster 6. The latter presented an average peptide
abundance higher in the LF" o-LA* IMFs than in the control IMFs at G80,
linked to the higher lactoferrin content. At G180, the abundance became
higher for the heated LF" a-LA" IMF than for the unheated LF" a-LA"
IMF, likely due to the increased proteolysis of denatured lactoferrin
(Fig. 2B). It can be noted that the peptide average release rate between
G80 and G180 were similar between the two heated IMFs, in agreement
with the SDS-PAGE analysis.

In contrast, clusters 2 and 3 (18% of the total peptides) gathered
peptides almost exclusively released during the intestinal digestion
(Fig. 4B). The lower proportion of peptides identified in the intestinal
phase is likely due to the non-identification of peptides lower than 6
amino acids. Cluster 2 contained the same proportion of casein peptides
as in overall. A constantly lower abundance of peptides from the un-
heated control IMF was observed, which could result from the slower
dietary N transfer from gastric to intestinal compartment. In cluster 3,
peptides were mainly originating from lactoferrin (33% of the cluster
peptides vs. 15% in overall) and f-lactoglobulin (22% of the cluster
peptides vs. 11% in overall). The average peptide abundance was
significantly lower for the unheated control IMF than in the other IMFs
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except at the end point. This could be partially linked to a slower hy-
drolysis of the native p-lactoglobulin, such as reported by Nicoleta et al.
(2008). Conversely, the peptide abundance was significantly higher for
the unheated LF" a-LA " IMF, likely due to the digestive resistance of the
peptides coming from native lactoferrin, as shown by SDS-PAGE analysis
(Fig. 2B). These different intestinal peptide abundances from lactoferrin
and p-lactoglobulin depending on their heat treatment could be
observed on the peptidomic profiles of these proteins (Fig. 5).

Finally, cluster 1 (9% of the total peptides) included peptides
released during the gastric phase as well as during the intestinal phase
(Fig. 4A). Cluster 1 was mainly associated to lactoferrin and f-lacto-
globulin. The average gastric abundances for cluster 1 was significantly
higher for the LF" o-LA™" than for the control IMFs, likely due to their
higher lactoferrin content. Different kinetics of intestinal peptide release
were observed across all the IMFs in a similar trend to that for cluster 3,
probably linked to the different hydrolysis susceptibility of native vs.
heat-denatured p-lactoglobulin and lactoferrin.

3.3.3. Peptidomic profiles of the major proteins during the gastrointestinal
digestion of IMFs

Fig. 5 shows the cumulative abundance of the peptides mapped onto
the sequence of the major proteins during digestion. As stated above, the
peptide abundance from p-casein was high and covered the entire
sequence almost during the entire digestion. Some specific regions of the
sequence were never covered by any peptide and in any IMF for k-casein
and to a greater extent for lactoferrin.

In all IMFs, peptides in the 57-93, 142-163 and 192-209 regions of
B-casein that have high proportion of proline residues were highly
abundant during digestion, as previously observed for bovine milk
(Dupont et al., 2010; Sanchez-Rivera et al., 2015). Some peptide release
kinetics were different between the heated and unheated IMFs.

Particularly, at G80, the cumulative peptide abundance in the regions
28-128 or 28-142 was higher for the unheated control and LF" a-LA*
IMFs, respectively, than for the heated IMFs, which can partly explain
the higher overall abundance observed in cluster 4 for these IMFs. Based
on the kinetics profile of the gastric phase, this can be interpreted as a
faster hydrolysis of these regions in the unheated IMFs. This could be
linked to the absence of whey protein aggregates at the surface of the
casein micelles (Halabi, Deglaire, Hennetier, et al., 2020), thus allowing
an easier access of pepsin, at least at the outer surface of the micelle
aggregates formed during digestion, such as in the unheated control IMF
(Fig. 1). In the intestinal phase, peptides from the region 30-56 were
more abundant during the first 2 h of intestinal digestion, and thus more
resistant to further hydrolysis, for the unheated LF' o-LA" IMF
compared to the other IMFs. This was in accordance with the results of
Sanchez-Rivera et al. (2015) who compared raw vs. heated bovine milk.
Whether this is induced by the interaction between native and undi-
gested lactoferrin with casein micelles remains unknown. Interestingly,
peptides from the bioactive region 170-176 were more abundant during
the whole intestinal digestion for the unheated LF* a-LA™ IMF compared
to the other IMFs.

For os1-casein, peptides from the 24-40 and 99-142 regions were, at
G80, more abundant for the unheated IMFs compared to the heated
IMFs, such as observed for p-casein. This can also contribute to the
higher abundance observed in cluster 4. As explained for f-casein, this
may be linked to the binding of whey protein aggregates onto the casein
micelles, thus hindering the pepsin action. During the intestinal diges-
tion, peptides in the bioactive region 110-121 were more resistant to
hydrolysis in the unheated LF* o-LA™ IMF than in the other IMFs, which,
interestingly, has been observed in raw vs. pasteurized human milk
during in vitro dynamic intestinal digestion (Deglaire et al., 2019).

For agp-casein, peptides from the regions 89-114 and 151-183 were
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more abundant, at G80, solely for the unheated LF" a-LA™ IMF, while at
the end of gastric digestion, peptides from the larger region 69-207,
were still more abundant for the unheated LF' o-LA™ IMF but also for
the heated control IMF. In the intestinal digestion, the 1-24, 36-65
(except for the heated control IMF), 81-98, 125-149 and 163-182 re-
gions of og-casein had no sequence coverage during the intestinal
digestion of IMFs, although most of these regions were covered by the
end of the gastric phase. Thus, this could indicate that these regions were
rapidly hydrolyzed during the intestinal phase.

For x-casein, peptides were mainly identified in the regions 18-75
and in the region 96-124 at the end of gastric digestion. The region
between 75 and 96 had no peptide along the entire digestion due to the
presence of an inter-molecular disulfide bond. At G80, a higher abun-
dance was observed in the regions 43-18 and 109-127 solely for the
unheated control IMF. This could result from the preferential pepsin-
olysis of the exposed k-casein, as stated above, and responsible of the
rapid aggregation of para-casein micelles and thus of the larger aggre-
gates observed during digestion (Fig. 1). During the intestinal digestion,
the abundance was higher for the unheated LF" a-LA™ IMF during the
first 2 h of digestion in some specific regions (52-59 and 113-124), such
as observed for B-casein. As stated above, whether this is induced by the
interaction between native and undigested lactoferrin with casein mi-
celles remains unknown.

Regarding the whey proteins, it can be noted that for a-lactalbumin,
prior to digestion, peptides in the region 41-110 were identified solely
in both unheated IMFs. Intestinal peptides were more abundant in the
bioactive region 17-27 and in the region 96-102 for the LF" a-LA™ IMFs
than for the control IMFs, which can result from the higher content of
a-lactalbumin in the LF" a-LA" IMF.

For f-lactoglobulin, peptides in the region 106-120 were released
earlier (G80) in the heated formulas than in the unheated ones and at the
end of gastric digestion, peptide abundance in the regions 1-32, 74-104
and 123-156 was higher for the heated than for the unheated control
IMF. This could indicate a higher hydrolysis level of denatured
B-lactoglobulin, although this was not visible at the protein level as
observed by SDS-PAGE (Fig. 2A). During intestinal digestion, a higher
peptide abundance was still observed for the region 1-32 particularly for
the heated control IMF, which also included a bioactive area. This can
partly explain the higher abundance observed in cluster 3. Whether this
is due to a greater hydrolysis of the denatured p-lactoglobulin, such as
suggested previously (Nicoleta et al., 2008), or whether, on the contrary,

Table 1

Food Hydrocolloids 126 (2022) 107368

to protein resistance due to the formation of p-lactoglobulin aggregates
remains unknown. In both cases, this may be linked to the trypsin
accessibility towards the lysine residues within the regions 17-39
(Zenker et al., 2020).

Peptides derived from lactoferrin did not entirely cover the lacto-
ferrin sequence during the digestion of IMFs, with many blank regions (i.
e. 1-51, 153-208, 336-383, 399-440, 450-559 and 641-650), as pre-
viously shown for human milk (Deglaire et al., 2019). This could be
explained by the presence of seventeen disulphide bonds stabilizing
bovine lactoferrin structure, making the peptide detection by LC-MS/MS
highly challenging. As expected, the peptide abundance was greater in
the LF" o-LA" IMFs than in the control IMFs. Unlike observed by
SDS-PAGE analysis (Fig. 2A), the higher gastric hydrolysis of LF was not
evidenced here. It should be noted that, unlike for the other proteins,
each peptide identified represented at the maximum 7% of the lacto-
ferrin sequence; thus, large peptides, responsible of the different LF
gastric hydrolysis, may not have been identified here. During intestinal
digestion, the cumulative peptide release was more abundant for the
unheated LF™ a-LA™ IMF than for the heated LF" a-LA™ IMF in the re-
gions 52-96, 209-222, 283-327 and 572-640, which reflected the
higher resistance of the native lactoferrin to gastrointestinal digestion,
such as reported above (Fig. 2A and Fig. 4B).

3.3.4. Bioactive peptide release during the in vitro intestinal digestion

Bioactive peptides released during the gastric digestion are presented
in Supplementary Table 3. Briefly, 37 bioactive peptides were identified
during the gastric digestion, with about half of them originating from
asp-casein (16), and a minor part from p-casein (8) and og;-casein (7).
The majority of these peptides had antimicrobial and angiotensin con-
verting enzyme (ACE) inhibitor properties, as observed by Hodgkinson
et al. (2019) during the infant in vitro gastric digestion of bovine milk. In
contrast, no bioactive peptides derived from a-lactalbumin or lactoferrin
were identified.

During the intestinal digestion (Table 1), a higher number of
bioactive peptides was identified for the LF* o-LA™ IMFs (25) than for
the control IMFs (19), due to a greater number of casein-derived
bioactive peptides. Among the identified bioactive peptides, 9 of
them, mainly originating from caseins, were generated during the
gastric digestion and were still present during the intestinal digestion
(Supplementary Table 3 and Table 1). These casein-derived peptides had
at least one proline residue in their sequence, possibly explaining their

Bioactive peptides identified during the in vitro dynamic intestinal digestion of IMFs.

Parent Peptide s
Peptide sequence Activity

1 2
protein = position

Abundance *

Control / Unheated Control / Heated LF a-LA"/Unheated  LF a-LA"/ Heated

140 180 1120 1180 140 180 1120 1180 140 180 1120 1180 140 180 1120 1180

CASAL 1-23
80-90
110-121
180-193
183-207
60-68
73-82
98-105
133-139
134-139
170-176
191-209
194-206
202-209
31-37
42-49
51-60
106-111
33-42
92-100
125-135
142-148
17-26
61-68
325-340

RPKHPIKHQGLPQEVLNENLLRF
HIQKEDVPSER
EIVPNSAEERLH

SDIPNPIGSENSEK
VYQHQKAMKPWIQPKTKVIPYVRYL
YPFPGPIPN
NIPPLTQTPV
VKEAMAPK
LHLPLPL
HLPLPL
VLPVPQK
LLYQEPVLGPVRGPFPIV
QEPVLGPVRGPFP
RGPFPIIV
VLSRYPS
YYQQKPVA
INNQFLPYPY
MAIPPK
DAQSAPLRVY
VLVLDTDYK
TPEVDDEALEK
ALPMHIR
GYGGVSLPEW
CKDDQNPH
DLIWKLLSKAQEKFGK

Antioxidative
ACE inhibitor
Antibacterial
CASA2
CASB ACE inhibitor
ACE inhibitor
Antioxidative
ACE inhibitor
Antiamnestic
Antioxidative
Immunomodulating
ACE inhibitor
ACE inhibitor
CASK Antioxidative
Antibacterial

Antithrombotic

LACB ACE inhibitor

ACE inhibitor
LALBA
Antibacterial

TRFL Antibacterial

Haemolytic; Antibacterial; Campde inhibitor

Dipeptidyl peptidase IV inhibitor

Dipeptidyl peptidase IV inhibitor
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Immunomodulating; Antibacterial; Antiviral

Antibacterial; Dipeptidyl peptidase IV inhibitor
Dipeptidy! peptidase IV inhibitor
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resistance to enzymatic hydrolysis (Sanchon et al., 2018). However, it
should be noted that brush border peptidases, including proline-specific
peptidases, were not included in our digestion model (Picariello et al.,
2015).

The kinetics of bioactive peptide release during the intestinal
digestion differed from one peptide to another and among IMFs, which
presented 16 bioactive peptides in common. All bioactive peptides from
as1-casein and one from f-casein f(170-176) were more abundant and
more resistant in the unheated LF" a-LA™ IMF than in the other IMFs. In
addition, the sole bioactive peptide from osy-casein (i.e. agp-casein f
(183-207)) was solely present in the LF" o-LA" IMFs (Table 1).

pB-casein f(134-139) was abundantly released since the early intes-
tinal digestion time for the unheated control IMF, and then pro-
gressively hydrolyzed, while the opposite was true for the heated
control IMF. f-casein f(191-209), identified only in the LF" o-LA™
IMFs, was more resistant in the corresponding heated IMF, while the
opposite was true for k-casein f(51-60).

B-lactoglobulin f(92-100) was more abundant and more resistant in
the heated control IMF compared to the other IMFs, such as for
p-lactoglobulin f(125-135), in accordance with Picariello et al.
(2010), who reported that this peptide had a high allergenic poten-
tial due to its high resistance to hydrolysis during digestion. On the
contrary, f-lactoglobulin f(142-148) was more resistant in the
heated LF" a-LA™ IMF than in the corresponding unheated IMF and
the heated control IMF.

a-lactalbumin f(61-68) was identified earlier but was hydrolyzed
sooner for the unheated LF* a-LA™ IMF as compared to the unheated
control IMF. This peptide was not identified in the heated IMFs,
except at the last intestinal time for the heated LF" a-LA™ IMF.

Only one bioactive peptide deriving from lactoferrin (fragment
325-340) was identified for the unheated LF" a-LA™ IMF during the first
times of intestinal digestion. The low number of bioactive peptides
originating from lactoferrin, in line with Deglaire et al. (2019) for
human milk digestion, could be linked to the low number of such pep-
tides yet identified in the literature (65 identified peptides in the MBPDB
database) (Nielsen et al., 2017), and the presence of disulphide bonds in
lactoferrin sequence.

Although the present bioactive peptides have been determined
thanks to the BIOPEP database, i.e. based on scientific studies and not on
sequence prediction, some limits still need to be kept in mind. First, the
bioactive peptides need to reach their site of action as intact, that is with
no further hydrolysis. No peptidase from the brush border was included
in the present model, which can be a limitation. Secondly, if the site of
action is in the inner side of the body, the peptide has to be absorbed
through the epithelium. This may occur more easily in the infant as the
intestinal permeability is high and decreases progressively while the
infant is growing.

4. Conclusion

The present study showed that the protein structures within IMFs
generated by varying the IMF protein profile and the heating conditions
impacted the digestive kinetics of proteolysis particularly for caseins and
lactoferrin. The present model highlighted the importance of the dy-
namic digestive parameters on the proteolysis kinetics, which was
slowed down compared to our previous static study.

The gastric protein coagulation was markedly dependent on the
casein micelle structure within IMFs, with large-size protein particles
formed in the early period of gastric digestion for IMF that contain
native casein micelles (unheated control IMF). As a result, the resistance
of caseins upon gastric digestion tended to increase and the nutrient
delivery to the intestinal compartment was delayed. In contrast,
compact protein aggregates were formed for IMFs containing casein
micelle-bound whey proteins in the middle of gastric digestion and low-
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size protein particles were observed for IMF containing partially dis-
integrated casein micelles in the latter period of gastric digestion. While
a-lactalbumin and p-lactoglobulin exhibit similar resistance to gastric
hydrolysis in their native and denatured forms by SDS-PAGE, the sus-
ceptibility of lactoferrin to pepsin was significantly enhanced after heat-
denaturation. The impact of the protein structures within IMF on the
peptidome release was evidenced, particularly on the peptide clusters
significantly associated either to caseins or to lactoferrin and p-lacto-
globulin. A slower release of intestinal peptides from the IMF containing
native casein micelles was observed, on the contrary to the greater
peptide resistance of the IMF containing native lactoferrin. Bioactive
peptides were more abundant for the IMFs having a whey protein profile
close to that of human milk, and particularly for the unheated IMF, due
to a greater number of casein-derived bioactive peptides. This may have
physiological relevance for the infants. Further studies are required to
evaluate whether these peptides would resist the action of the brush
border enzymes and if they could pass through the epithelium barrier to
reach their targets.
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