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Modification of protein structures by altering the
whey protein profile and heat treatment affects
in vitro static digestion of model infant milk
formulas†

Amira Halabi, Thomas Croguennec, Said Bouhallab, Didier Dupont and
Amélie Deglaire *

Heat treatments induce changes in the protein structure in infant milk formulas (IMFs). The present study

aims to investigate whether these structural modifications affect protein digestion. Model IMFs (1.3% pro-

teins), with a bovine or a human whey protein profile, were unheated or heated at 67.5 °C or 80 °C to

reach 65% of denaturation, resulting in six protein structures. IMFs were submitted to in vitro static gastro-

intestinal digestion simulating infant conditions. During digestion, laser light scattering was performed to

analyze IMF destabilization and SDS-PAGE, OPA assay and cation exchange chromatography were used

to monitor proteolysis. Results showed that, during gastric digestion, α-lactalbumin and β-lactoglobulin
were resistant to hydrolysis in a similar manner for all protein structures within IMFs (p > 0.05), while the

heat-induced denaturation of lactoferrin significantly increased its susceptibility to hydrolysis. Casein

hydrolysis was enhanced when the native casein micelle structure was modified, i.e. partially disintegrated

in the presence of lactoferrin or covered by heat-denatured whey proteins. The IMF destabilization at the

end of the gastric digestion varied with protein structures, with larger particle size for IMF containing

native casein micelles. During intestinal digestion, the kinetics of protein hydrolysis varied with the IMF

protein structures, particularly for IMFs containing denatured lactoferrin, exhibiting higher proteolysis

degree (67.5 °C and 80 °C vs. unheated) and essential amino acid bioaccessibility (67.5 °C vs. unheated).

Overall, the protein structures, generated by modulating the whey protein profile and the heating con-

ditions, impacted the IMF destabilization during the gastric phase and the proteolysis during the entire

simulated infant digestion.

1. Introduction

Human milk is specifically suited for the physiological devel-
opment of infants during the first months of life thanks to its
nutritional composition and bioactive compounds. When
breastfeeding is not possible or not desired, infant milk for-
mulas (IMFs) are intended to be an effective human milk sub-
stitute. Most IMFs are formulated based on skimmed bovine
milk supplemented with whey proteins, originating from
either cheese whey- or skimmed milk microfiltration perme-
ate-derived whey protein isolate (WPI), lactose, vegetable oils,
minerals and vitamins in amounts designed to mimic the
nutritional profile of human milk.1,2 However, differences
persist between human milk and IMFs, in particular regarding

the whey protein profile. While the predominant whey proteins
of bovine milk are β-lactoglobulin (β-LG) (50% of whey pro-
teins), α-lactalbumin (α-LA) (20% of whey proteins) and in a
minor proportion lactoferrin (LF) (4% of whey proteins),
mature human milk is β-LG free and the predominant whey
proteins are α-LA (40% of whey proteins) and LF (25% of whey
proteins).3

Differences in whey protein profile between bovine and
human milks induce some disparity in their amino acid pro-
files, and in particular for tryptophan and cysteine, which are
essential amino acids having important roles beyond protein
synthesis.4,5 To balance this disparity in amino acid profiles,
IMFs usually contain a higher protein amount than that of
human milk,6 but differences in amino acid bioavailability
persist as the plasma tryptophan level in infants fed with high
protein-IMF remains lower than that for breastfed infants.7,8

Moreover, the high protein content in IMFs could be at the
origin of overweight and obesity predispositions of infants in
later life. A randomized clinical study9 revealed that infants
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aged from 2–6 years fed high-protein IMFs (16 g L−1 of pro-
teins) in the first year of life had a higher fat mass than those
fed low-protein IMFs (12.5 g L−1 of proteins). A possible strat-
egy to reduce the IMF protein content while respecting the
amino acid requirements is to supplement IMF with bovine
α-LA or LF, which have high homology with their human
counterparts [72%4,10 and 69%11 of homology, respectively], at
the same levels as mature human milk. Previous clinical
studies showed that lowering the IMF protein content while
increasing the α-LA content resulted in a plasma tryptophan
level similar to that of breastfed newborns.12,13 Additionally,
infants fed LF-supplemented IMFs developed less health dis-
eases compared to infants fed standard IMFs, such as respirat-
ory tract illnesses.14

It is now acknowledged that the milk protein structures can
influence nutrient bioavailability, rates of absorption and post-
prandial outcomes.15–19 Milk protein structure can be altered
by processing such as heat treatment, partly due to whey
protein denaturation and aggregation. However, so far, only a
few studies20,21 have directly linked these heat-induced protein
structures to protein digestion kinetics, and even less in the
context of IMFs.

In our previous work, the protein structures generated by
varying both the whey protein profile of IMFs and the heating
conditions have been characterized.22 The objective of the
present paper was to investigate the impacts of these protein
structures on proteolysis kinetics during simulated infant
digestion. Two model IMFs were formulated at 1.3% total pro-
teins with a similar casein : whey protein ratio of 40 : 60 but
differing by their whey protein profile. The control IMF had a
similar whey protein profile to that of bovine milk, while the
LF+ α-LA+ IMF was formulated to contain the same α-LA and
LF amounts than those of mature human milk. The IMFs were
unheated or heated at 67.5 °C or 80 °C to reach a similar
extent of whey protein denaturation (65%). IMF destabilization
during the digestion process was monitored by laser light scat-
tering. Protein digestion kinetics were followed by determi-
nation of the proportion of residual intact milk proteins by
SDS-PAGE under reducing condition, the degree of hydrolysis
by OPA (o-phthalaldehyde) assay and the amino acid bioacces-
sibility by cation exchange chromatography.

2. Materials and methods
2.1. Materials

2.1.1. IMF ingredients. The low heat skimmed milk
powder (SMP) was prepared by microfiltration of raw skimmed
milk (1.4 µm cut-off ) at Fromagerie Gillot (Saint-Hilaire-de-
Briouze, France). The microfiltered skimmed milk was concen-
trated in a two-stage falling film vacuum evaporator set on the
first stage at 64 °C. The concentrated milk temperature was
50 °C at the outlet of the first stage and 38 °C at the outlet of
the evaporator. Concentrated milk was then spray-dried at the
semi-industrial unit Bionov (Rennes, France) with tempera-
tures of inlet and outlet air of 240 °C and 88 °C, respectively.

The temperature of the integrated fluid bed air was set at
75 °C. SMP was characterized by a whey protein nitrogen index
of 9 mg of nitrogen per g of powder. WPI (Prolacta®95) was
purchased from Lactalis Ingredients (Bourgbarré, France).
Bovine α-LA and LF (Prodiet Lactoferrin®) powders were kindly
provided by Agropur Inc (Appleton, USA) and Ingredia Dairy
Experts (Arras, France), respectively. The protein content of
SMP, WPI, α-LA and LF powders was 36%, 88%, 84% and 90%
(w/w), respectively, as determined by the Kjeldahl method with
a nitrogen conversion factor of 6.38. The iron saturation of the
LF powder was 16% as determined by absorbance at 465 nm.
All protein powders were stored at −20 °C until use. Lactose
was supplied by Armor Proteines (Saint-Brice-en-Coglès,
France). CaCl2·2H2O was from AnalaR (Leuven, Belgium),
FeSO4·7H2O from Sigma-Aldrich (St-Louis, USA), KCl from
Panreac (Barcelona, Spain), Na3PO4·12H2O from Merck
(Darmstadt, Germany), and Na3C6H5O7·2H2O from Carlo Erba
Reagents (Val-de-Reuil, France).

2.1.2. In vitro digestion chemicals. Pepsin was from
porcine gastric mucosa (P6887; 3075 U mg−1). Pancreatin, a
mix of pancreatic enzymes, was from porcine pancreas (P7545;
trypsin activity of 6.7 U mg−1; lipase activity of 85.2 U mg−1).
Bile extract was from bovine bile (B3883; 0.9 mmol g−1). The
enzyme activities and bile concentration were measured using
the assays described in the harmonized INFOGEST protocol.23

Enzymes and bile salts, as well as enzyme inhibitors, namely
Pepstatin A (P5318) and Pefabloc® SC (76307), were purchased
from Sigma-Aldrich (St Quentin Fallavier, France). All other
materials were of standard analytical grade.

2.2. Preparation of the IMFs and heat treatments

The IMFs were formulated in agreement with the European
regulation (EU, 2016/127) for the bovine-milk-based IMFs
regarding the contents of protein, lactose and the main min-
erals. The IMFs were prepared as described previously.22

IMFs were composed of 1.32 ± 0.02 g of total proteins, 0.79
± 0.06 g of whey proteins, 0.53 ± 0.04 g of caseins, 5.63 ± 0.01 g
of lactose, 41.8 ± 0.6 mg of calcium, 67.1 ± 1.9 mg of chloride,
21.0 ± 0.2 mg of inorganic phosphorus, 0.4 ± 0.0 mg of iron,
61.3 ± 1.6 mg of potassium and 23.3 ± 2.5 mg of sodium per
100 g of liquid IMFs (data are means ± SD, n = 3). The whey
protein contents, determined by reverse-phase high perform-
ance liquid chromatography (RP-HPLC) and expressed in g per
100 g of liquid IMFs, were 0.16 ± 0.00 of α-LA and 0.54 ± 0.01
of β-LG for the control IMF, 0.47 ± 0.00 of α-LA and 0.19 ± 0.01
of LF for the LF+ α-LA+ IMF. The β-LG content in the LF+ α-LA+

IMF, too low to be quantified by RP-HPLC, was estimated at
0.06 g per 100 g of liquid IMF, based on the amount of β-LG in
the SMP and the proportion of SMP in the IMF.

After an equilibration time of 60 min at 30 °C, the IMFs
(20 mL) were heat-treated at 67.5 °C or 80 °C as described pre-
viously.22 The holding times were fixed to achieve a total whey
protein denaturation extent of 65%, value within the range
found in commercial IMFs. After heating, the IMF samples
were cooled by immersion in ice water bath, pooled and stored
at 4 °C. Each heat treatment was repeated on three freshly pre-
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pared IMFs. The extent of total whey protein denaturation of
the heated IMFs at 67.5 °C or 80 °C was 64 ± 1%, as deter-
mined by RP-HPLC.

By varying the whey protein profile of the IMFs (the control
and LF+ α-LA+ IMFs) and the heating conditions (unheated,
heated at 67.5 °C, heated at 80 °C), six IMFs with different
protein structures were generated. Their characteristics are pre-
sented in Table 1.

2.3. In vitro gastrointestinal digestion

In vitro gastrointestinal digestion of each IMF was carried out
following a static model simulating the digestion conditions of
a full-term infant at 28 days of life.24 Briefly, IMF was mixed
with simulated gastric fluid (SGF), composed by 94 mM NaCl
and 13 mM KCl (pH 6.6), and a sufficient volume of 1 M HCl
to adjust the pH at 5.3. Freshly prepared pepsin solution in
SGF (268 U mL−1 of total gastric volume) was finally added.
The ratio of meal to gastric secretions was 63 to 37 (v/v). The
solution was incubated for 60 min at 37 °C in a water bath
under stirring at 350 rpm. The pH was then increased to 7 by
addition of 1 M NaOH in order to stop pepsin activity before
further intestinal digestion.

Simulated intestinal fluid (SIF), composed by 164 mM
NaCl, 10 mM KCl and 85 mM sodium bicarbonate (pH 6.6),
bile extract solution in SIF (3.1 mmol L−1 of total intestinal
volume) and CaCl2 (1.1 mmol L−1 of total intestinal volume)
were added to the previous solution. After pH adjustment to
6.6 with 1 M HCl, freshly prepared pancreatin solution in SIF
(7.1 U trypsin activity per mL of total intestinal volume) was
added. The ratio meal to gastrointestinal secretions was of 39
to 61 (v/v). The solution was incubated for 60 min at 37 °C in a
water bath under stirring at 350 rpm.

Samples were collected before digestion and during both
gastric and intestinal digestions at 5, 15, 30 and 60 min.
Except for particle size distribution analysis by laser light scat-
tering performed immediately after sampling, proteolysis was
inhibited by adding 10 µL of Pepstatin A (0.73 mM in metha-
nol) per mL of gastric digesta or 50 µL of Pefabloc® SC (0.1 M
in distilled water) per mL of intestinal digesta. Samples were

stored at −20 °C until analysis. In vitro digestion experiment
was conducted on each triplicate of IMFs.

2.4. Digesta characterization

2.4.1. Particle size distribution. Particle size distribution of
the undigested IMFs and at the end of the gastric and intesti-
nal digestions was measured by laser light scattering using a
Malvern Mastersizer 2000 (Malvern Instruments Ltd,
Worcestershire, UK) with two laser sources at 633 and 466 nm.
Samples were diluted in MilliQ-water in the measurement cell
to reach 3–7% of obscuration. The refractive index of protein
and water were set at 1.45 and 1.33 respectively.25 Particle size
measurement was performed in triplicate for each sample.

2.4.2. SDS-PAGE and intact protein quantification.
SDS-PAGE was performed on undigested IMFs and on the
gastric and intestinal digesta under reducing conditions using
4–12% polyacrylamide NuPAGE Novex bis-Tris 17-well precast
gels (Novex® Life Technologies, California, USA) adapted on a
Hoefer™ miniVE vertical electrophoresis system (Pharmacia
Biotech, Sweden). Samples were diluted with NuPAGE® LDS
4× sample buffer (106 mM TRIS HCl; 141 mM TRIS base; LDS
2%; glycerol 10%; 0.51 mM EDTA; 0.22 mM SERVA® Blue
G250; 0.175 mM phenol red – pH 8.5) (Invitrogen, Carlsbad,
CA, USA) and treated with 0.5 M DTT. After heating at 70 °C
for 10 min, samples were loaded on gels at 5 µg of proteins per
well for the undigested IMF and gastric samples or 30 µg of
proteins per well for the intestinal samples. In order to identify
the protein bands, a molecular weight marker ranging from
3.5 to 200 kDa was used (Mark 12 Unstained Standard; Novex®
Life Technologies, California, USA). Pepsin or pancreatin solu-
tions were loaded on the gels in amounts similar to those of
the gastric or intestinal samples, respectively. After electro-
phoresis migration (200 V; 90 min), the proteins were precipi-
tated by immersing the gel in aqueous solution of 30% (v/v)
ethanol and 10% (v/v) acetic acid for 30 min, followed by color-
ation in Coomassie Biosafe (Bio-Rad Laboratories) for
120 min. The gels were rinsed in distilled water for 90 min and
scanned using an Image Scanner III LabScan 6.0 (GE
Healthcare Europe GbmH, Velizy-Villacoublay, France).

Table 1 Protein structure characteristics and extent of whey protein denaturation for the unheated and heated control and LF+ α-LA+ IMFs

IMFs Heating conditions Protein structures

Extent of denaturation (%)

Sum of whey proteins

Individual whey proteins

α-LA β-LG LF

Control Unheated Native casein micelles 0 0 0 0
Heated at 67.5 °C Soluble whey protein aggregates + casein micelles 65 ± 2 83 ± 6 59 ± 5 n.d.
Heated at 80 °C Casein micelles + soluble whey protein aggregates 63 ± 0 42 ± 1 69 ± 0 n.d.

LF+ α-LA+ Unheated Partial disintegrated casein micelles 0 0 0 0
Heated at 67.5 °C Casein micelle-bound whey protein aggregates 64 ± 2 50 ± 2 n.d. 97 ± 0
Heated at 80 °C Dense casein micelle-bound whey protein aggregates 66 ± 2 52 ± 3 n.d. 98 ± 0

The protein structures within IMFs were characterized in our previous study (22). Data are means ± SD (n = 3). Proteins within the unheated IMFs
were considered as 100% native. The protein structures for each IMF are ordered according to their amount within the IMFs. n.d.: non
determined.
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Bands on SDS-PAGE gels were quantified by densitometry
using the software Image Quant TL™ (GE Healthcare
Europe183 GbmH, Velizy-Villacoublay, France) to study the
kinetics of hydrolysis of α-LA, β-LG, LF and caseins during
in vitro digestion. Intact proteins remaining in the samples
were quantified following the eqn (1) after normalization of
the protein peak area by the protein amount loaded in each
well.

Intact proteinð%Þ ¼ Protein peak area of the digested sample
Protein peak area of the undigested IMF

� 100

ð1Þ

Caseins were considered as a unique band due to the poor
resolution of the individual casein bands.

2.4.3. Primary amino group quantification and degree of
hydrolysis. The primary amino group quantification of the
undigested IMFs and of the gastric and intestinal digesta was
performed using the OPA (o-phthalaldehyde) method.26 Prior
to analysis, samples were centrifuged at 10 000g for 30 min at
4 °C. Supernatants were diluted in distilled water, 10-times for
the undigested IMF and the gastric samples or 30-times
diluted for the intestinal samples, followed by a 3-times
dilution in OPA reagent. Samples were then incubated at 37 °C
for 10 min in a flat-bottom 96-well microtiter plate (Greiner
Bio-One, Courtaboeuf, France) and the absorbance was
measured at 340 nm with a Multiskan™ GO Microplate
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA
USA). The OPA reagent (pH 9.5) was composed of SDS (0.5%
w/v), DTT (7 mM), OPA solution in ethanol (1.9 mM) and
sodium tetraborate (18.9 mM). Primary amino groups were
quantified using a methionine standard curve in a concen-
tration range from 0 to 2 mM. The quantification of the
primary amino groups was performed in triplicate for each
sample.

The degree of hydrolysis (DH) was calculated following the
eqn (2), after taking into account the meal dilution by the gas-
trointestinal secretions. DH corresponds to the proportion of
cleaved peptide bonds within IMFs.

DHð%Þ ¼ NH2digested sample � NH2undigested IMF

NH2 total � NH2undigested IMF
� 100 ð2Þ

with NH2 digested sample the primary amino group content in the
gastric or intestinal samples (mg L−1 of IMF), NH2 undigested IMF

the primary amino group content in the undigested IMFs (mg
L−1 of IMF), NH2 total the total content of primary amino
groups within the IMFs after acid hydrolysis by 6 N HCl at
110 °C for 24 h (mg L−1 of IMF).

2.4.4. Amino acid quantification and amino acid bioacces-
sibility. The total amino acid content of each IMF was quanti-
fied as described previously.27 IMFs were chemically hydro-
lyzed by 6 N HCl at 110 °C for 24 h and dried at 40 °C under
vacuum. Samples were re-dispersed in distilled water, filtered
at 0.45 μm and diluted 3-times with 0.2 M lithium citrate
buffer (pH 2.2). Samples (50 μL) were then injected in the

cation exchange column of Biochrom 30 automatic AA analyzer
(Biochrom Ltd, Cambridge, UK) with post-column derivatiza-
tion with ninhydrin (EZ Nin Reagent™, Biochrom Ltd,
Cambridge, UK) as described previously.28 The ninhydrin
derivative of proline was detected at 440 nm and the deriva-
tives of other amino acids were detected at 570 nm. Lithium
citrate buffers were used as eluents. Methionine and cysteine
were determined separately after overnight cold performic acid
oxidation followed by acid hydrolysis and were quantified as
methionine sulfone and cysteic acid, respectively. The quantifi-
cation of the total AAs of IMFs was performed for at least two
independent freshly prepared IMFs. The amino acid compo-
sition of the control and LF+ α-LA+ IMFs is presented on
Table 2. Tryptophan amount of the IMFs was not determined
due to oxidative degradation during acid hydrolysis, but it was
estimated based on the amount of α-LA, β-LG and LF in the
control and LF+ α-LA+ IMFs and the tryptophan amount for
each protein.29,30

The free amino acids at the end of the in vitro digestion
were determined after deproteinization by sulfosalicylic acid.31

Samples were mixed with sulfosalicylic acid solution (0.5 g
mL−1) and incubated for 60 min at 4 °C. The mixtures were
centrifuged at 5000g for 15 min at 4 °C and the supernatants
were filtered at 0.45 μm. The filtrate was diluted 4-times with
0.2 M lithium citrate buffer (pH 2.2) before injection (50 μL).
The amino acid analysis was performed as described above.

The amino acid bioaccessibility was calculated following
the eqn (3).

Amino acid bioaccessibilityð%Þ

¼ Free amino acidsdigested sample

Total amino acidsundigested IMF
� 100 ð3Þ

Table 2 Total amino acid composition of the control and LF+ α-LA+

IMFs

Amino acids (g kg−1 of IMF) Control IMF LF+ α-LA+ IMF

Cys 0.32 ± 0.00 0.41 ± 0.01
His 0.32 ± 0.01 0.32 ± 0.01
Ile 0.76 ± 0.01 0.65 ± 0.01
Leu 1.56 ± 0.03 1.35 ± 0.01
Lys 1.33 ± 0.01 1.25 ± 0.01
Met 0.42 ± 0.00 0.30 ± 0.01
Phe 0.58 ± 0.02 0.64 ± 0.01
Thr 0.79 ± 0.01 0.70 ± 0.02
Trpa 0.19 0.30
Tyr 0.55 ± 0.00 0.61 ± 0.03
Val 0.79 ± 0.02 0.72 ± 0.00
Ala 0.58 ± 0.01 0.48 ± 0.00
Arg 0.36 ± 0.02 0.44 ± 0.01
Asp + Asn 1.38 ± 0.01 1.50 ± 0.02
Glu + Gln 2.78 ± 0.01 2.32 ± 0.04
Gly 0.27 ± 0.01 0.35 ± 0.00
Pro 0.95 ± 0.02 0.82 ± 0.01
Ser 0.68 ± 0.02 0.64 ± 0.01
Total nitrogen 1.96 ± 0.01 1.89 ± 0.08

a The tryptophan amount of the IMFs was estimated based on the
amount of α-LA, β-LG and LF in the control and LF+ α-LA+ IMFs and
the tryptophan amount for each protein (29, 30). Data are means ± SD
(n = 2 for the control IMF and n = 3 for the LF+ α-LA+ IMF).
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with free amino acidsdigested sample the content of free amino
acids at the end of the in vitro digestion (g kg−1 of IMF) and
total amino acidsundigested IMF the content of total amino acids
within IMFs (g kg−1 of IMF).

2.5. Statistical analysis

All data are reported as means ± standard deviation (SD). Data
statistical analysis was performed using the R software
(version 3.6.1).

Residual intact protein and DH variables were analyzed
within the gastric or intestinal phase using a mixed linear
model for repeated measures (nlme package) with “time” (4
levels: 5 min – 15 min – 30 min – 60 min), “formula” (2 levels:
control IMF – LF+ α-LA+ IMF) and “treatment” nested within
“formula” (3 levels: unheated – heated at 67.5 °C – heated at
80 °C) as fixed factors, and digestion replicates as random
factor. Residual normality and variance homogeneity for each
factor were tested for all variable with Shapiro–Wilk test and
Levene test, respectively (lawstat package). When data did not
conform to the previous conditions, BoxCox-transformation
was performed (MASS package). The residual intact casein vari-
able was log 10-transformed and the DH variable was square
root-transformed. Amino acid bioaccessibility variable was
investigated using a linear model with “formula” and “treat-
ment” nested within “formula” as fixed factors. When differ-
ences were significant (p < 0.05), pairwise multiple compari-
son of the means was carried out using Tukey’s test (lsmeans
package).

3. Results and discussion
3.1. Particle size distribution

Fig. 1 shows the particle size distributions of the unheated
and heated control and LF+ α-LA+ IMFs. At this scale of obser-
vation, the particle size distributions of the undigested IMFs
were similar with an almost unimodal distribution (Fig. 1A).
The main peak with an average mode of 0.14 µm was assigned
to the casein micelles as this peak was significantly reduced in
the presence of ethylenediaminetetraacetic acid (EDTA), a
calcium-chelator which induced casein micelle dissociation.32

A wide peak of small intensity in the region of 10–100 µm,
probably corresponding to heat-induced protein entities
formed by heating and/or insoluble particles resulting from
IMF preparation, was also observed.

3.1.1. At the end of the gastric digestion. After 60 min of
gastric digestion, the particle size of the digesta was increased
for the control and LF+ α-LA+ IMFs compared to the corres-
ponding undigested IMFs (Fig. 1B), but in a different manner
depending on the IMF (whey protein profile and/or heating
temperature). This difference in size was confirmed by con-
focal microscopy analysis (ESI Fig. 1†).

3.1.1.1. The unheated control IMF. The particle size for the
unheated control IMF (mode of 82.4 ± 0.7 µm) was larger than
that for the heated control IMFs (mode of 10.3 ± 1.7 µm). This
was in accordance with the previous observations of a larger

casein coagulum size of raw skimmed bovine milk compared
to that of heated skimmed milk during gastric digestion.33 The
large increase of particle size at the end of the gastric digestion
for the unheated control IMF was a consequence of the pepsin
action and not of the acidification, as demonstrated after pH
adjustment of the undigested IMF at 5.3 without pepsin
(Fig. 1B.I). This was expected as the gastric pH (pH 5.3) was
superior to the pH at which the aggregation of native casein
micelles occurs (pH 4.9).34 The casein micelles of the
unheated control IMF were in a spherical form with κ-caseins
covering its surface at pH between 6.7 and 5.2.35 Pepsin action
on κ-caseins must have conducted to the destabilization of the
casein micelles and to the formation of large particles at pH
5.3.36

3.1.1.2. The unheated LF+ α-LA+ IMF. Contrary to the control
IMFs, the particle size for the unheated LF+ α-LA+ IMF (mode
of 1.2 ± 0.4 µm) was lower than that for the heated LF+ α-LA+

IMFs (mode of 11.1 ± 2.4 µm). Opposite observations were
made by De Oliveira et al.37 on human milk, having a protein
profile close to that of the LF+ α-LA+ IMF, where the particle
size during dynamic in vitro gastric digestion was larger for
raw human milk than for pasteurized human milk at ∼pH 5.4.
The apparent contrast between our results and the conclusions
of De Oliveira et al.37 may be explained by the different compo-
sition and/or structure between the LF+ α-LA+ IMF and human
milk and the different in vitro digestion conditions. For the
unheated LF+ α-LA+ IMF, the particle size at 60 min of gastric
digestion was moderately increased, presenting a bimodal dis-
tribution with a major peak centered at 1.2 ± 0.4 µm and a
minor peak at 0.15 ± 0.03 µm (Fig. 1B.II). Similar size increase
was also observed for the undigested IMF at pH 5.3 without
pepsin. Before digestion of the unheated LF+ α-LA+ IMF, LF
binding to casein micelles partially disintegrated the latter,
leading to open casein micelle structure (Table 1).22,38 The
acidification of LF+ α-LA+ IMF at pH 5.3 induced a reduction of
the electrostatic interactions between LF and the casein
micelles, due to the decrease of casein micelle net charge.39 In
the same time, the partially disintegrated casein micelles
seemed to be able to interact in the form of small particles
(mainly lower than 10 µm). Such entities were not observed
with the native casein micelles.

3.1.1.3. The heated IMFs. All the heated IMFs presented a
near similar particle size distribution at the end of the gastric
digestion, independently of the heating temperature (67.5 °C
or 80 °C) or of the whey protein profile of IMFs (Fig. 1B). The
particle size increase at the end of the gastric digestion of the
heated IMFs compared to that for the undigested IMFs was
due to the acid coagulation of whey protein-coated casein
micelles as similar size increase was also observed for the
undigested heated IMF at pH 5.3 without pepsin. This increase
in particle size at pH 5.3 was in agreement with the obser-
vations made on heated bovine milk.34,40

3.1.2. At the end of the intestinal digestion. After 60 min
of intestinal digestion (Fig. 1C), the bimodal particle size dis-
tributions for all IMFs were alike. The wide peak between 1
and 1000 µm was assigned to pancreatin contained in the
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intestinal digesta (ESI Fig. 2†). The global decrease of particle
sizes (with an approximately mode of 0.1 µm) compared to
those at the end of gastric digestion was due to protein hydro-
lysis by intestinal enzymes and/or to residual protein struc-
tures within undigested IMFs.

3.2. Protein hydrolysis kinetics

Proteolysis kinetics of caseins, α-LA, β-LG and LF, as quantified
from SDS-PAGE analysis under reducing conditions (Fig. 2),
are presented in Fig. 3.

During the gastrointestinal digestion of the unheated
control IMF and the heated control IMF at 67.5 °C, bovine
serum albumin (BSA) resisted to enzymatic hydrolysis, as
observed previously during gastric digestion of human milk41

or IMFs.42 However, it was progressively hydrolyzed during the
gastric digestion of the heated control IMF at 80 °C until total
band disappearance at 60 min of gastric digestion. This could
be explained by different conformation of BSA in IMF heated
at 80 °C vs. in unheated IMF or IMF heated at 67.5 °C. The
heat-denaturation of BSA in IMF heated at 80 °C enhanced its
susceptibility to pepsin hydrolysis. BSA content in IMFs was
too low to be quantified.

3.2.1. Caseins. During the gastric digestion, the kinetics of
casein hydrolysis were slower for the unheated control IMF
than for the other IMFs (Fig. 3A), particularly at 30 min of
gastric digestion where it reached statistical significance with
17 ± 4% vs. 6 ± 1% of residual intact caseins for the unheated
control IMF vs. the other IMFs, respectively. The resistance of
the native casein micelles (unheated control IMF) to pepsin
hydrolysis could be explained by the larger size of particles
formed during gastric digestion compared to those formed
from the dissociated casein micelles by LF (unheated LF+

α-LA+ IMF) or the casein micelles bound to denatured whey
proteins (heated IMFs) (Fig. 1B), thus limiting the pepsin
access to cleavage sites. Concomitantly to the casein hydro-
lysis, bands ranging from 3.5 to 6 kDa, assigned to products of
casein proteolysis amongst other, such as reported pre-
viously,24 were less intense for the unheated IMFs compared to
the heated IMFs (Fig. 2A).

3.2.2. α-LA and β-LG. The SDS-PAGE analysis of the control
and LF+ α-LA+ IMFs (Fig. 2A) showed a resistance to pepsin
hydrolysis for β-LG and α-LA. β-LG was totally resistant to
pepsin hydrolysis over the gastric digestion with no significant
difference between the unheated and heated control IMFs
(Fig. 3B). α-LA was hydrolyzed during gastric digestion in a

Fig. 1 Particle size distributions of the unheated and heated control (I) and LF+ α-LA+ (II) IMFs before digestion (A) and at the end of the in vitro
gastric (B) and intestinal (C) digestions, as determined by laser light scattering. The pH of the IMFs was 6.8 before digestion, 5.3 at the end of the
gastric digestion and 6.6 at the end of the intestinal digestion. The dotted lines correspond to the particle size distribution of the IMFs after pH
adjustment at 5.3 or 6.6 in absence of digestive enzymes. Data represent means of three independent digestion experiments (n = 3), with each
measurement performed in triplicate.
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similar manner for all IMFs (p > 0.05), down to 71 ± 10% of
residual intact α-LA at 60 min (Fig. 3C).

The similar kinetics of β-LG or α-LA hydrolysis between the
unheated and heated IMFs were in agreement with a previous
study investigating the pasteurization effects on in vitro diges-
tion of IMFs, where, in addition, a lower pepsin resistance of
α-LA compared to that of β-LG was observed.43 However, other
authors have reported an enhancement of whey protein hydro-
lysis with heat treatment due to whey protein unfolding and
thus an increased accessibility of protein cleavage sites,17,25,44

or at the opposite a slowing down of their hydrolysis45 during
gastric digestion. The apparent discrepancy among studies are
likely due to different heat-induced protein structures that can
vary depending on the heating parameters, such as reported
by Peram et al.46 In the present study, denatured α-LA and
β-LG within the heated IMFs were bound on the casein micelle

surface and/or formed soluble aggregates (Table 1). The
similar β-LG or α-LA gastric hydrolysis between the unheated
and heated IMFs could be explained by the limited access of
pepsin cleavage sites on the heat-induced protein structures
due to steric hindrance.47 In addition, the disulfide inter-
actions involved in the heat-induced protein structures within
the heated IMFs22 could limit the pepsin hydrolysis, contrary
to the non-covalent interactions.21 Regarding the intestinal
digestion, β-LG and α-LA were rapidly hydrolyzed during the
first minutes as no intact protein was detected after 5 min of
digestion (Fig. 2B).

3.2.3. LF. The band intensity of the LF for the unheated
and heated LF+ α-LA+ IMFs was similar before digestion
(Fig. 2A.II), while 98% of LF was in non-native form for the
heated IMFs (Table 1). This was in accordance with our pre-
vious study showing that LF formed, with α-LA and caseins,

Fig. 2 Electrophoretic patterns of the unheated and heated control (I) and LF+ α-LA+ (II) IMFs during the in vitro gastric (A) and intestinal (B) diges-
tions, as determined by SDS-PAGE under reducing conditions. Molecular weight marker (MW) was deposited as protein elution reference, as well as
pepsin or pancreatin solutions in the same amounts than those of the gastric or intestinal samples respectively. 5 µg of proteins per well were de-
posited for the undigested IMFs and gastric samples and 30 µg of proteins per well were deposited for the intestinal samples. SDS-PAGE analysis
was realized once for each in vitro digestion experiments (n = 3).
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heat-induced aggregates linked by disulfide interactions,
which were thus reversible after reducing SDS-PAGE.22

The kinetics of LF hydrolysis during gastric digestion
(Fig. 3D) showed that LF in its native form (unheated LF+ α-LA+

IMF) was resistant to pepsin hydrolysis with 94 ± 9% of
residual intact LF at 60 min. The resistance of native LF to
pepsin hydrolysis was explained by its globular structure.48 On
the contrary, its hydrolysis was drastically enhanced for the
denatured form (heated LF+ α-LA+ IMFs) since the very first
minutes of digestion, with only 19 ± 4% of residual intact LF
remaining at 5 min of gastric digestion. The same increase of
LF hydrolysis was noticed after holder pasteurization of
human milk.37 It was supposed that the heat-induced LF dena-
turation led to better accessibility of hidden pepsin cleavage
sites.49 The LF hydrolysis by pepsin during the gastric diges-
tion of the heated LF+ α-LA+ IMFs generated a peptide of
∼50 kDa (Fig. 2A.II), such as previously observed during the

in vitro infant gastric digestion of LF solution.50 This 50 kDa-
peptide, identified as the C-terminal fragment of the protein,51

was resistant to pepsin hydrolysis as its band intensity was
unchanged during the gastric digestion.

Regarding the intestinal digestion, and as observed for
β-LG and α-LA, the LF hydrolysis occurred since the first
minutes of digestion of the unheated LF+ α-LA+ IMF, with a
total LF band disappearance at 60 min of intestinal digestion
(Fig. 2B.II). Concomitantly to LF hydrolysis, an electrophoretic
band corresponding to the C-terminal fragment of LF was
observed in the early stages of intestinal digestion of the
unheated LF+ α-LA+ IMF. The C-terminal fragment of LF was
resistant to intestinal hydrolysis for all IMFs, such as pre-
viously reported.52 In addition to the 50 kDa electrophoretic
band, another band at ∼37 kDa was observed from 5 min of
intestinal digestion for the unheated and heated LF+ α-LA+

IMFs, with a higher intensity for the unheated IMF. This poly-

Fig. 3 Proportions of residual intact caseins (A), β-lactoglobulin (B), α-lactalbumin (C), and lactoferrin (D) during the in vitro gastric digestion of the
unheated and heated control and LF+ α-LA+ IMFs, as determined by densitometric analysis of SDS-PAGE patterns. Data are means ± SD (n = 3).
Statistically significant factors were referenced with p < 0.001 (***), p < 0.01 (**), p < 0.05 (*) and p > 0.05 (NS). Different superscript letters for a
given digestion time represent significant difference among treatments nested within formulas (p < 0.05). Data from undigested IMFs were not
included in the statistical analysis. Data for residual intact caseins were log-transformed to respect residual normality and variance homogeneity
(BoxCox transformation).
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peptide, resistant to intestinal digestion, was attributed to a
product of LF hydrolysis by intestinal enzymes.

The resistance of the C-terminal fragment of LF to hydro-
lysis throughout the gastrointestinal digestion for the
unheated and heated LF+ α-LA+ IMFs could have nutritional
benefits for infants as this peptide has been reported to keep
some bioactive properties of native LF such as the ability to
bind one iron ion,51,52 the antimicrobial and antifungal activi-
ties.53 However, it does not cover the diverse range of physio-
logical functions of native LF, such as the cell growth promot-
ing and differentiation activities or the anti-inflammatory pro-
perties.54 Previous works showed that the osteogenic activity of
LF55 and the antibacterial activity of LF on Cronobacter sakaza-
kii56 were decreased when the heat treatment intensity
increased. Overall, the physiological impact of the unheated
vs. heated LF+ α-LA+ IMFs remains to be evaluated in vivo.

3.3. Degree of hydrolysis and amino acid bioaccessibility

Fig. 4 shows the evolution of DH during the in vitro intestinal
digestion of the IMFs. Regarding the gastric digestion, the
hydrolysis was very limited for all IMFs with a DH of 2 ± 1% at
60 min (data not shown). This low DH value was due to the
large peptides formed during gastric digestion of IMFs, as
observed at 60 min of gastric digestion by SDS-PAGE analysis
(Fig. 2A). For all IMFs, DH increased sharply in the first 5 min
of the intestinal digestion but to a different extent depending
on the IMF, with a DH reaching 14 ± 2% (heated control
IMFs), 24 ± 2% (unheated IMFs) or 44 ± 1% (heated LF+ α-LA+

IMFs). From 5 min to 60 min of intestinal digestion, the DH
increase slowed down, but again with a kinetics depending on
the IMF. The DH increase was only of 1.5-times for the
unheated IMFs and the heated LF+ α-LA+ IMFs, and of more
than 2-times for the heated control IMFs.

Within the control IMFs, the only significant difference
between the unheated and heated IMFs were found in the
early phase of intestinal digestion (5 min), with a lower DH for
the heated control IMFs (14 ± 2%) compared to the unheated
control IMF (24 ± 2%). Similar kinetics of proteolysis was
observed after 15 min of intestinal digestion for the unheated
and heated control IMFs, which reached a final DH of 35 ±
2%, value in accordance with Le Roux et al.57 who reported a
DH of ∼40% at 60 min of in vitro static intestinal digestion of
bovine milk-based IMF.

During the whole intestinal digestion period, DH values
were significantly higher for the heated LF+ α-LA+ IMFs com-
pared to all the other IMFs (p < 0.001). The final DH reached
61 ± 1% for the heated LF+ α-LA+ IMFs vs. 40 ± 1% for the
unheated LF+ α-LA+ IMF, which was a consequence of the
greater extent of LF hydrolysis during the gastric digestion for
the denatured LF compared to the native LF (Fig. 3D). These
final DH were significantly higher than that for the unheated
control IMF, which reached a value of 32 ± 1%. The different
kinetics of proteolysis among the heated LF+ α-LA+ or control
IMFs and unheated IMFs is likely to impact the in vivo kinetics
of amino acid absorption, which in turn could modulate the

postprandial regional metabolism of nitrogen, at least as
demonstrated in adult.58

Fig. 5 shows the bioaccessibility of essential and non-essen-
tial amino acids at the end of in vitro digestion of the unheated
and heated control and LF+ α-LA+ IMFs. At 60 min of intestinal
digestion, similar bioaccessibility of α-amino nitrogen (24 ±
2%) was observed among all the IMFs (p > 0.05), while the DH
varied among IMFs (from 35 to 61%) (Fig. 4). This means that
most of the peptide bond cleavages resulted in the release of
amino acids for the unheated IMFs and the heated control
IMFs (DH = 35–40%). In contrast, the heated LF+ α-LA+ IMFs
after digestion also contained a significant amount of small
peptides (DH = 61%). The higher proportion of peptides gener-
ated for the heated LF+ α-LA+ IMFs could be due to the pro-
ducts of LF hydrolysis during the gastric digestion, resistant to
intestinal digestion (Fig. 2A.II).

The bioaccessibility of the essential amino acids was
approximatively 3-times higher than that of the non-essential
amino acids (36 ± 2% and 11 ± 1%, respectively). These values
were much lower than the true amino acid digestibility
(superior to 85%) of bovine milk-based IMFs as determined in
animal models.59,60 This can be explained by the lack of brush
borders peptidases in the present in vitro digestion model,
enzymes which drive the final stages of hydrolysis into amino
acids.61,62 The bioaccessibility of lysine, phenylalanine, tyro-
sine, leucine (59 ± 3%; 57 ± 3%; 59 ± 5%; 40 ± 2%, respectively)
and arginine (81 ± 10%) were higher than those of the other
amino acids at the end of in vitro digestion for all IMFs
(Fig. 5B). These results agreed with the cleavage specificities

Fig. 4 Evolution of the degree of hydrolysis during the in vitro intestinal
digestion of the unheated and heated control and LF+ α-LA+ IMFs, as
determined by OPA method. Data are means ± SD (n = 3), with each
measurement performed in triplicate. Statistically significant factors
were referenced with p < 0.001 (***), p < 0.01 (**), p < 0.05 (*) and p >
0.05 (NS). Different superscript letters for a given digestion time rep-
resent significant difference among treatments nested within formulas
(p < 0.05). Data at time 0 min correspond to those obtained at 60 min of
the gastric digestion. Data were square root-transformed to respect
residual normality and variance homogeneity (BoxCox transformation).
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for pepsin (phenylalanine, tyrosine, leucine and tryptophan
residues)63 and trypsin (arginine and lysine residues)64 endo-
peptidases, in addition to the action of the carboxypeptidase
contained in pancreatin (exopeptidase). For all IMFs, a very
low amount of proline was released at the end of intestinal
digestion, mostly due to the absence of aminopeptidases in
the present in vitro digestion model.65

4. Conclusion

The present study underlined the impacts of protein structures
within IMFs, resulting from variation of whey protein profile
and heating conditions, on the protein digestion kinetics
under simulated in vitro static term infant digestion.

Gastric aggregation of caseins was strongly influenced by
the casein micelle structures within IMFs. The casein micelles
within the unheated control IMF (i.e. native micelles) led to
the formation of larger curd particles (∼100 µm) compared to
those contained in the heated IMFs (i.e. micelles covered by
denatured whey proteins) (∼10 µm) or in the unheated LF+

α-LA+ IMF (i.e. dissociated micelles) (∼1 µm). As a conse-
quence, caseins in the larger curd particles were found to be
less susceptible to pepsin hydrolysis due to the limited access
to cleavage sites.

The resistance of α-LA and β-LG to pepsin hydrolysis was
unchanged by the heating of IMFs. On the contrary, the
heating of IMFs drastically decreased the resistance of LF to
pepsin hydrolysis compared to the compact globular native
form. Thus, the kinetics of hydrolysis during the whole intesti-
nal digestion was enhanced for the IMFs containing denatured
LF compared to the other IMFs. The hydrolysis of denatured
LF could be balanced by some remaining bioactive properties
(iron-binding properties, antimicrobial and antifungal activi-
ties) of generated peptides. However, other functionalities of
native LF are likely to be altered (e.g. anti-inflammatory
activity), which remains to be explored in vivo. Meanwhile,
alternative treatments to intense heating, such as low-heat or
non-thermal treatments, could be considered to guarantee
the nutritional benefits of the IMF supplementation with
LF. Finally, the dynamic aspect of the digestion could
modulate the present results and this aspect will be con-

Fig. 5 Bioaccessibility of total (A) and individual (B) essential and non-essential amino acids released at the end of the in vitro intestinal digestion of
the unheated and heated control and LF+ α-LA+ IMFs. (A) The (non-) essential amino acid bioaccessibility was expressed as the ratio of the sum of
free (non-)essential amino acid contents in digesta (g kg−1 of IMF) related to the sum of total (non-) essential amino acid contents within IMFs (g
kg−1 of IMF). The essential amino acids were cysteine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tyrosine and valine.
The non-essential amino acids were alanine, arginine, aspartic acid, asparagine, glutamic acid, glutamine, glycine, proline and serine. Statistically sig-
nificant factors were referenced with p < 0.001 (***), p < 0.01 (**), p < 0.05 (*) and p > 0.05 (NS). (B) Data represent means ± SD (n = 3). Different
superscript letters for a given amino acid represent significant difference (p < 0.05).
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sidered by using an in vitro dynamic digestion model in a
future study.
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