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In vitro simulated semi-dynamic gastrointestinal
digestion: evaluation of the effects of processing
on whey proteins digestibility and allergenicity†
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The effect of thermal processing on digestibility of milk proteins should be better understood as this can

greatly affect their immunoreactivity. The aim of this study was to evaluate the effects of thermal proces-

sing and lactosylation on digestibility and allergenicity, by comparing non heat-treated with industrially

processed whey proteins. A semi-dynamic model was used to mimic the kinetics of digestion, and ELISA

inhibition tests against human specific serum IgE were performed on the mass-spectrometry character-

ized products. A quicker gastric digestion of the industrially treated sample produced a lower immuno-

genic response in comparison with the raw sample, where intact conformational epitopes remained. In

later digests, greater IgE reactivity was shown in the heat treated product, probably due to the release of

linear epitopes, while at intestinal level the immunogenic response was negligible. Moreover, transepithe-

lial transport of a reported β-lactoglobulin-derived allergen, KIDALNENVLVL, produced during digestion

was assayed. It was found that the epitope-belonging peptide could be transported through the cell

monolayer, both in the native and mono-lactosylated forms, with a favored passage of the native peptide.

1. Introduction

Whey ingredients are used to increase food nutritional value,
e.g. in sports supplements and infant formulas, or as techno-
logical agents for thermal stability, emulsification, gelation
and foam formation. During the production of whey protein
concentrates (WPCs) and whey protein isolates (WPIs), there is
a range of pre-treatment processes (clarification, pasteuriza-
tion, pre-heating), in addition to the ultrafiltration and diafil-
tration processes that are likely to cause denaturation of minor
heat-sensitive proteins.1 Drying of the retentate by atomization
is used to dehydrate and control the moisture content of the
concentrates but it favours the initiation of lipid oxidation and
non-enzymatic browning reactions (Maillard reactions) during
storage.2 Maillard reaction in milk products is initiated by the
interaction between lactose and protein amino groups. Recent

studies showed that practically all lysine residues of milk pro-
teins can be lactosylated.3,4

Lactosylation of milk proteins has been related to a
decrease of the protein nutritional value.5 In addition, lactosy-
lated proteins are less susceptible to enzymatic hydrolysis and
thus, this may affect gastrointestinal digestion of proteins. For
example, it has been shown that lysine blockage induced a sig-
nificant change in the peptide pattern after simulated infant
gastrointestinal digestion.6 Heat treatment reduced signifi-
cantly available lysine of skim milk powder measured in
growing rats.7–9 However, the effect of thermal processing on
protein digestibility is still controversial since protein denatura-
tion may enhance digestibility by the exposure new cleavage
sites to the action of the digestive enzymes, but protein aggre-
gation and glycation impairs protein digestibility.10 Although
in vivo studies offer valuable information about digestion and
protein digestibility, these are costly and generate ethical
issues and are often replaced by in vitro models. Recently, a
semi-dynamic model was developed,11,12 which is a compro-
mise between the dynamic and static models. The gastric
phase is performed in a thermostatically controlled vessel from
which it is possible to remove samples from the digestion
mimicking the gastric emptying and to control the addition of
the enzyme. Moreover, gradual addition of the gastric solution
is conducted. This model was based on in vivo digestion para-
meters obtained for the digestion of dairy products.13

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1fo04102a
‡Present address: Faculty of Science and Technology, Free university of Bozen-
Bolzano, Piazza Università 5, 39100, Bolzano, Italy.

aInstituto de Investigación en Ciencias de la Alimentación, CIAL (CSIC-UAM,

CEI UAM+CSIC), Nicolás Cabrera, 9, 28049 Madrid, Spain.

E-mail: beatriz.miralles@csic.es
bFood and Drug Department, University of Parma, Parco Area delle Scienze, 27/A,

43124 Parma, Italy

This journal is © The Royal Society of Chemistry 2022 Food Funct., 2022, 13, 1593–1602 | 1593

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 3
/1

3/
20

26
 8

:2
5:

30
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

www.rsc.li/food-function
http://orcid.org/0000-0002-9288-9438
http://orcid.org/0000-0002-1109-1249
http://orcid.org/0000-0001-5559-3411
http://orcid.org/0000-0003-2973-5329
http://orcid.org/0000-0003-4544-9074
http://crossmark.crossref.org/dialog/?doi=10.1039/d1fo04102a&domain=pdf&date_stamp=2022-02-02
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1fo04102a
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO013003


Commonly, the resistance of the protein to the gastrointes-
tinal digestion was considered fundamental to allergenicity, as
the potential allergic response was attributed to intact proteins
or large protein fragments.14,15 More recently, it was reported
that also smaller peptides may still induce an allergic
response.16,17 In this scenario, Maillard reaction has been
found to be sometimes beneficial by damaging β-lactoglobulin
epitopes and reducing their allergenic potential,18,19 but on
the contrary, by reducing protein digestibility, the generation
of neo-epitopes has also been reported.20 Recently, lactosylated
β-lactoglobulin was found to decrease both, IgG binding and
degranulation of mast cells, although this study was per-
formed with the whole protein molecule.21 Moreover, peptide
transport through the intestinal wall may be also affected
since it is influenced by hydrophobicity, charge and molecular
size.22 Indeed, small peptides (i.e. composed by two or three
amino acids residues) are more easily absorbed as compared
to long-chain ones.23 Post-translational modifications can
affect brush border membrane peptidases activity, and transe-
pithelial transport. For instance, it was also reported that the
glycation of caseinomacropeptide limited the activity of brush
border endopeptidases.24 However, the effect of lactosylation
on the enzyme activities and peptide intestinal absorption
needs a deeper investigation. Different studies on the intesti-
nal absorption of free and peptide-bound Maillard Reaction
Products (MRPs) have been performed,25–27 but only small
peptides (i.e. dipeptides) were investigated.

The aim of this study was to investigate the effects of
thermal processing and lactosylation on whey protein digesti-
bility and allergenicity. A rennet whey fraction isolated from
raw milk was compared to a commercial whey protein isolate.
To evaluate the actual digest arriving to the small intestine, an
in vitro semi-dynamic digestion model was employed. ELISA
inhibition tests against human specific serum IgE were con-
ducted on the digests over time. Transepithelial transport
studies of a lactosylated peptide reported as a β-lactoglobulin-
derived epitope on Caco-2 cells were performed.

2. Materials and methods
2.1 Samples

Raw milk was purchased from a local milk producer to prepare
a cheese whey sample (CW). Whey protein isolate (WPI) was
purchased on a local store. Serum samples from milk allergic
patients were obtained from our human blood serum bank.
Human samples were collected with written consent from the
next of kin, caretakers, or guardians on the behalf of the
minors/children involved in the performed studies. All experi-
ments were conducted according to the principles expressed in
the Declaration of Helsinki and the Bioethics Committee from
the Consejo Superior de Investigaciones Científicas (CSIC),
Spain. The researchers involved in the process handled and
used such material sensitively and responsibly. Individual fea-
tures of human sera are shown in ESI Table S1.†

2.2 Whey production from cheese (CW sample)

Raw milk was defatted centrifuging at 4500g at 5 °C for 20 min
and then removing fat manually. Then it was filtered on wool
glass. Nearly 2 L of sample was warmed at 33 °C. Then
50.62 mg of CaCl2 was added and, after 2 min under stirring,
500 μL of rennet was added. It was stirred for 3 min and then
left at 33 °C for 1 h. Cheese was cut in small pieces and filtered
on a strainer covered with the proper cloth. Whey was then
centrifuged at 4500g at 5 °C for 10 min and filtered on glass
wool. Aliquots were stored at −20 °C.

2.3 MALDI-TOF characterization

A Bruker Autoflex Speed spectrometer (Bruker Daltonics
GmbH, Bremen, Germany) was used. Samples were dissolved
in MilliQ water at 1% of protein concentration and then
diluted 1 : 100. One μL was loaded on a Bruker MTP 384
Polished Steel target and 1 μL of sinapinic acid in 1% formic
acid/50% ACN (Bruker Daltonics, Billerica, MA, USA) was used
as matrix. Ions were detected in positive linear mode at a mass
range of m/z 5–25 kDa. For calibration, 0.5 μL of Protein
Calibration Standard I (Bruker Daltonics) was loaded on the
target with 0.5 μL, of sinapinic acid solution.

2.4 Semi-dynamic in vitro gastric digestion

The in vitro semi-dynamic digestion was performed according
to the protocol of Mulet-Cabero et al.12 In order to use equal
amount of protein, the WPI sample was diluted in Milli-Q
water at the 0.95% of protein concentration, as determined
from Kjeldahl analysis for the CW sample. The digestion was
performed in a double wall glass vessel controlled at 37 °C and
under stirring. Sixty mL of sample were mixed with the
Simulated Salivary Fluid (SSF) without the addition of
amylase. After 2 min, the gradual addition of the Simulated
Gastric Fluid (SGF) and of pepsin (4000 U mL−1 of digest,
Sigma Aldrich, St Luis, MO, USA) was started. In order to
mimic the gastric emptying, five aliquots were collected from
the digestion as reported in Table 1. The pH of these aliquots
was measured and increased to pH 7 with 2 M NaOH in order
to inactivate pepsin activity. Samples were stored at −20 °C.
From gastric emptying points G1, G3 and G5 (Table 1), 10 mL
were used for the static intestinal digestion following the
INFOGEST protocol.12,13 The Simulated Intestinal Fluid (SIF)
was added to the samples with pancreatin (200 U mL−1 TAME
units of digest, Sigma Aldrich) and bile salts (2.5 mM in the
final digest, Sigma Aldrich).

Table 1 List of the gastric emptied points collected

Digestion time (min) Volume (mL)

Gastric emptied point 1 (G1) 18.08 25
Gastric emptied point 2 (G2) 36.15 25
Gastric emptied point 3 (G3) 54.23 25
Gastric emptied point 4 (G4) 72.30 25
Gastric emptied point 5 (G5) 90.38 25
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Digestion was performed for 2 hours at 37 °C in a shaking
incubator at 120 rpm. Then, enzymatic activity was stopped by
heating at 85 °C and centrifuging at 5000g for 30 min. The
supernatant was collected and freeze-dried. Digestion was per-
formed in duplicate.

2.5 HPLC-MS/MS analysis

HPLC-MS/MS analyses and data processing was performed
according to Santos-Hernández et al.28 Prior to the analyses,
the reduction step was performed with 146 mM DTT. Gradient
elution was performed with and Agilent 110 HPLC separation
system (Agilent, CA, USA). Detection was performed with a
Bruker Daltonics Esquire 3000 Ion Trap mass spectrometer
(Bruker, MA; USA) in a full scan acquisition mode from 100 to
2300 m/z, and setting target mass at 450, 750 and 1200.
Biotools version 3.2 was used for interpreting the matched MS/
MS spectra. For peptide profile visualization, the web appli-
cation Peptigram was used.29

2.6 SDS-PAGE analysis

The electrophoretic separation was performed according to the
protocol of Sanchón et al.30 Samples and the marker (Precision
Plus Protein™ Unstained protein standards, Biorad, Hercules,
CA, USA) were loaded on 12% bis–tris Criterion™ XT gel
(Biorad). Gels where then stained with Coomassie Blu (Instant
ble, Expedeon, Swavesey, UK). Images were acquired with a
Molecular Imager VersaDocTM MP 5000 system (Bio-Rad) and
using the software QuantityOne® 1-D (Bio-Rad).

2.7 UPLC-UV analysis

UPLC-UV analyses were performed on an ACQUITY UPLC sep-
aration system (Waters Technologies, Cerdanyola del Vallés,
Spain). The analytical column used was an Aeris WIDEPORE
XB-C18 LC column (Phenomenex, 200 Å, 3.6 μm, 2.1 mm ×
150 mm, CA, USA). Eluent A was 90% water + 10% acetonitrile
+ 0.1% formic acid and eluent B was 90% acetonitrile + 10%
water + 0.1% formic acid. Flow rate was set at 0.20 mL min−1,
injection volume 3 μL. Detection was performed at 214 nm.
Samples were previously diluted 1 : 4 in water deionized, then
1 : 1 with eluent A + Urea 6 M and centrifuged 3 min at
11 000g. For protein quantification two external calibration
curves were used: for α-lactalbumin (87.12% of purity, Sigma
Aldrich) 0.1, 0.2, 0.4, 0.8, 1 mg mL−1 dilutions were used; for
β-lactoglobulin (86.35% of purity, Sigma Aldrich) 0.25, 0.5, 1,
2, 4 mg mL−1 dilutions were used.

2.8 ELISA inhibition test

Human IgE binding of undigested WPI and CW, on samples
G1, G3 and G5 from the gastric digestion and samples I1, I3,
and I5 from the intestinal digestion, was assessed by inhi-
bition ELISA as previously reported,31 using a pool of sera
from allergic patients (ESI Fig. S1†). A reference sample of
standard whey proteins was used as a control.

2.9 Peptide synthesis

Synthesis of peptide KIDALNENKVLVL and its lactosylated
forms were performed according to Gasparini et al.32 Peptide
was synthesized using the Syro I automated synthesizer
(Biotage, Uppsala, Sweden). The resin Fmoc-Leu-Wang LL was
used and the acetylation step prior to peptide cleavage from
the resin was not performed. The obtained peptide was then
dissolved with lactose (1 : 50 ratio) in DMF under nitrogen
atmosphere. The solution was incubated at 70 °C for 40 h and
then solvent was removed under vacuum. Peptides mixture
was then freeze-dried and analysed with HPLC-MS analysis as
described in section 2.5. Proteomics Toolkit (Institute for
Systems Biology, Seattle, WA, USA) was used for the identifi-
cation of the MS ions (ESI Table S2†). The mixture was dis-
solved in water and ultrafiltration was performed with a
1 kDa cut off (Microsep advanced centrifugal device, Pall
Corporation, Port Washington, NY, USA) to remove the
unreacted lactose.

2.10 Transepithelial transport studies

Caco-2 cells cultivation was performed as described in litera-
ture.33 For transport studies the Hubatsch et al., protocol was
followed.34 Cells were seeded at a density of 2.6 × 105 cells per
cm2 in 12-well filter support inserts (Costar® Transwell®
Permeable Supports 12 mm Diameter insert 12 well 0.4 μm
polycarbonated Membrane, Corning, NY, USA). The integrity of
cell monolayers was tested measuring the transepithelial elec-
trical resistance (TEER) with Evom2 Epithelial Voltammeter
(World Precision Instruments, FL, USA). Only Caco-2 monolayer
with TEER values more than 500 Ω cm−2 were used.
Experiments were performed 21–29 days after seeding and
medium was changed 24 h before the assay. Samples were dis-
solved in HBSS at 1.7 mM final concentration and filtered on
0.2 μm filters.35 Collected samples were freeze-dried. The assay
was performed in triplicate. For the HPLC-MS/MS analysis
(section 2.5), samples were reconstituted in eluent A at
different concentrations: the apical side collected before the
incubation was reconstituted in 100 μL and then diluted 1 : 12
with eluent A; the apical side after 60 min was reconstituted in
300 μL and then diluted 1 : 12 with eluent A; the basolateral
samples were reconstituted in 100 μL of eluent A. Lucifer
Yellow assay was performed to test the integrity of the Caco-
2 monolayers as described by Fernández-Tomé et al.33

Fluorescence was measured using a Fluostar Optima micro-
plate reader (BMG Labtech, Ortenberg, Germany) setting
480 nm of excitation and 520 nm of emission. The analysis
was performed in triplicate.

3. Results and discussion
3.1. Protein characterization of substrates

In order to evaluate the effects of processing on whey proteins,
untreated whey from raw milk cheese (CW) was compared with
a commercial whey protein isolate (WPI). The products were
analysed with MALDI-TOF mass spectrometry (Fig. 1). As
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opposed to CW, in the WPI sample, the peak relative to
α-lactalbumin (14 178 Da) was accompanied by signals corres-
ponding to lactosylated forms of the protein at m/z 14 502 and
14 826 (lactosylation 324 Da).

In the spectra, variants A and B from β-lactoglobulin were
distinguished (at m/z 18 358 and 18 271, respectively) in
addition to the corresponding mono- and di-lactosylated
forms of each variant. In the CW spectrum also peaks corres-
ponding to monolactosylation could be detected but at a lower
extent. This was not surprising as similar signals have been
previously observed in unheated samples using mass spec-
trometry.36 Overall, the spectra were consistent with an
increased lactosylation degree in processed samples.

3.2. Semi-dynamic gastric digestion

Fig. 2 shows the pH curves during the gastric phase for CW
and WPI, measured in the digestion vessel (Fig. 2A) and in the
withdrawn emptying aliquot (Fig. 2B). Gastric digestions of
both substrates showed a pH value ca. 6.8 after the initial
addition of the gastric juice and food, and reached a final pH
of 1.05 ± 0.02 (CW) and 1.47 ± 0.09 (WPI). The profile showed
a rapid pH decrease in the first 5 min, followed by a slower,
continuous pH reduction, with no visible coagulation. A similar
pH trend was previously reported in other semi-dynamic gastric
digestions performed on milk proteins, but the previously
studied products contained caseins and showed coagulation.11,37

However, gastric emptying reduced the buffering capacity differ-
ently for both products in the first period. The pH at the
emptied digest in G1 and G2 was higher for CW while from G3,
an overlay of the determined values was observed.

3.3. Protein degradation during gastric emptying

The aliquots from gastric emptying were analysed with
SDS-PAGE in order to follow whey proteins degradation during
digestion. SDS-PAGE bands at around 18 kDa corresponding to
the most abundant protein, β-lactoglobulin, were clearly
detectable at all-time points although a decrease in the inten-
sity of the signals with the progress of the digestion could be
observed (Fig. 3). This is due to both, the increasing dilution
with SGF and to a partial digestion of the protein as further

Fig. 1 MALDI-TOF spectrum of CW (blue) and of WPI (red) samples
(α-LA = α-lactalbumin; β-LG = β-lactoglobulin). Intensity is on the y axis;
mass-to-charge ratio is on the x axis.

Fig. 2 pH profiles of the gastric digestions of CW (blue) and WPI (red).
A is the internal pH while B is the external pH measured on the collected
fractions. *Different by average comparison with the t-test (P < 0.05).

Fig. 3 SDS-PAGE gel image of the two gastric digestions performed on
CW and WPI samples (0 = undigested product; G1 = gastric emptied
point 1; G2 = gastric emptied point 2; G5 = gastric emptied point 5).
Marker values are expressed as kDa. FAS: fatty acid synthase; XDH:
xanthine dehydrogenase/oxidase; Lf: lactoferrin; PIGR: polymeric
immunoglobulin receptor; LPO: lactoperoxidase; GP2: glycoprotein 2
(Zymogen granule membrane); BSA: bovine serum albumin; β-Lg:
β-lactoglobulin; α-La: α-lactalbumin.
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confirmed. The band corresponding to α-lactalbumin, at
around 14 kDa, was only detected in the first emptying point
(G1) of both products. Being absent in G2, it can be assumed
that this protein is completely digested during the first 36 min
of gastric digestion. Indeed, from this time the pH is below 4,
and it has been reported that, at this pH, α-lactalbumin under-
goes changes in conformation, thus being more susceptible to
pepsin hydrolysis.37–39 Additional higher molecular bands
between 150 and 50 kDa corresponded to lactoferrin, the poly-
meric immunoglobulin receptor, bovine serum albumin and
other minor whey proteins according to the identification by
Bär et al.40 These proteins were more abundant in CW and

could be detected in CW-G1, in contrast to WPI-G1.
Comparing substrates, the band relative to α-lactalbumin has
lower intensity in WPI than in CW, concomitant with the
appearance of a new band in WPI-G1 with a MW under
10 kDa. Because no intact proteins were expected at the intesti-
nal phase, these aliquots have been analysed for peptide
release by HPLC-MS/MS.

3.4. Peptide release during semi-dynamic gastrointestinal
digestion

Fig. 4 shows the peptide profile in gastric digests G1, G3 and
G5 and their corresponding intestinal digests, i.e., I1, I3, I5, of

Fig. 4 α-Lactalbumin (α-LA) and β-lactoglobulin (β-LG) peptides identified in the gastric (G1, G3, G5) and intestinal samples (I1, I3, I5) of the CW and
WPI samples. In the graph, the amino acids that were identified in peptide sequences are represented with vertical bars. The intensity of the colour is
proportional to the sum of identified peptides’ intensities. The dimension of the bar is proportional to the number of peptides in which was identified
that amino acid in that position.
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the two whey proteins, α-lactalbumin and β-lactoglobulin for
CW and WPI samples. The complete list of identified peptides
is given in ESI.†

In CW, only the region 41–52 from α-lactalbumin was
identified in G1, whereas peptides covering 47% the protein
sequence were identified in WPI, showing a delayed digestion
in the non-treated CW. In contrast, both samples showed
similar coverage at G3. Most of the identified peptides
belonged to α-lactalbumin regions 1–52 and 76–123. The
amount of peptides and covered region were lower in G5
suggesting the progress of digestion and the subsequent
decrease of the peptide size. It has to be noted that peptides
<5 amino acids were not detected under our analysis con-
ditions. Interestingly, α-lactalbumin domains 1–19, 15–34,
45–64 and 90–123 are reported in literature to be IgE-binding
epitopes,41,42 and some identified peptides released during
the gastric phase, such as, 1–10, 26–31, 41–50, 118–123
belonged to these previously reported IgE-binding epitopes.43

Regarding β-lactoglobulin-derived peptides, these were
absent in G1 due to the low degree of hydrolysis at this time
point. In CW, a low number of peptides appeared in G3 but
they increased in G5. However, for WPI, peptides at G3 are
comparable to those identified in G5. For both products,
peptide identification confirmed a partial digestion of
β-lactoglobulin in the gastric phase, but a higher number of
peptides were observed in WPI. Peptides covering regions
1–54, 74–108, 123–131 (only in G5), 150–162 were identified.
From them, peptides within the amino acid residues 1–16,
31–60, 76–95, 121–140 and 136–150 are known to be IgE-
binding epitopes.42,44,45 Overall, lower number of peptides
could be identified at the intestinal phase, with a remarkable
change in the profile, some of them corresponding to newly
released regions not being detected in the gastric phase. In the
case of α-lactalbumin, peptides derived mainly from regions
61–68 and 81–89, that had been previously found resistant to
gastrointestinal in vivo digestion.30 Interestingly, peptides from
region 80–90 were previously found in human intestinal
digests with remarkable abundance.46 α-Lactalbumin fragment
(81–88), LDDDLTDD, and various derived fragments were
identified in both products. Regarding β-lactoglobulin, in the
intestinal phase collected from CW, it is possible to observe
peptides deriving from region 106–119, while they are not
present in the gastric emptied points. At positions 106 and 119
there are two cysteine residues that can bind forming a disul-
phide bond in the folded protein affecting the digestibility in
the gastric phase. Interestingly, peptides deriving from this
region were observed in the gastric fractions of the WPI
sample, probably due to a higher denaturation of the protein
in this sample.

3.5. IgE binding of digested products

In the present study, the possible structural modifications
induced by the processing did not affect the IgE binding
capacity of undigested CW and WPI samples evaluated by inhi-
bition ELISA (Fig. 5A). However, gastrointestinal digestion
decreased the IgE binding capacity of both samples, but also

differences among substrates were found. The WPI-G1 showed
lower IgE binding capacity than CW-G1 (Fig. 5A), which could
be related with the higher digestibility of α-lactalbumin
observed in WPI, as indicated by the lower amount of intact
α-lactalbumin identified by the UPLC-UV analysis (Fig. 5B) and
the higher number of α-lactalbumin-derived peptides from
WPI (Fig. 4). In fact, it has been described that the allergenicity
of α-lactalbumin is mainly related to its conformational
epitopes.42,47 Contrary to G1, WPI-G3 and WPI-G5 exhibited
higher IgE reactivity than the corresponding CW counterparts
(Fig. 5A). This cannot be ascribed to a higher degree of hydro-
lysis of CW, as indicated by the remaining intact protein deter-
mined by UPLC. Intact α-lactalbumin was not detected at this
stage of digestion (Fig. 5B) but β-lactoglobulin was present to a
greater extent in CW than in WPI in G3 samples (Fig. 5C).
Higher degree of hydrolysis of β-lactoglobulin for the heated
sample could have exposed linear IgE-binding epitopes. In
fact, it has been shown that the allergenicity of β-lactoglobulin
is mainly related to the presence of linear epitopes.42,47 In G5
the amount of β-lactoglobulin was similar in both digested
meals (Fig. 5C), confirming the assumption that the higher

Fig. 5 IgE binding of tested samples expressed as percentage of the
EC50 of the intact protein (A). UPLC quantification of intact
α-lactalbumin (B) and β-lactoglobulin (C) in the stock solution of the
undigested samples and of the three gastric fractions collected from
CW and WPI digestions. Unpaired t test was performed: * = p < 0.05; **
= p < 0.01; *** = p < 0.001. Error bars represent mean ± standard error
of the mean (SEM). WP = reference sample; C = control sample; G1 =
gastric emptied point 1; G3 = gastric emptied point 3; G5 = gastric
emptied point 5; I1 = intestinal sample 1; I3 = intestinal sample 3; I5 =
intestinal sample 5. Solid and striped colours indicate the samples rela-
tive to CW and WPI, respectively.
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IgE binding capacity observed for WPI could be related to the
released peptides. Indeed, the β-lactoglobulin peptide f
(83–95), KIDALNENKVLVL was exclusively found in the WPI
gastric digests, while in CW digests, only fragments from the
referred peptide were found. This peptide is comprised in the
β-lactoglobulin epitope fragment 76–95, TKIPAVFKIDALNE-
NKVLVL.43 Low IgE binding and no significant differences
between substrates were observed in the intestinal samples
except for digest I3 where the IgE binding capacity was higher
for CW – than for WPI-I3 (Fig. 5A). Although a qualitative
similar pattern of released peptides was observed for CW- and
WPI-I3 samples, the IgE response could be attributed to quan-
titative differences of peptide epitopes.

Differences in the digestibility of the main whey proteins,
α-lactalbumin and β-lactoglobulin, between the two substrates
could explain the IgE binding at the different time points.
α-Lactalbumin was detected by UPLC only in the first gastric
emptying point, showing a four times lower amount in the
WPI sample. Indeed, the IgE binding of WPI resulted far
below CW. For the gastric points G3 and G5, the peptides
released, rather than the amount of intact protein, seemed to
impact the immunological response, with prominent differ-
ences in the samples with medium-size (14-amino acid resi-
dues) fragments from reported epitopes. The higher digesti-
bility of WPI could be related to the processing involved that
may affect protein structures, denaturing and making them
more accessible for the digestive enzymes. Differences in
β-lactoglobulin digestibility between heated and unheated
skimmed milk powder were reported in a dynamic gastric
digestion study, resulting in higher resistance to digestion of
the unheated sample.48 In another example, a digestion study
performed with the semi-dynamic model on raw milk and
UHT milk, reported a lower degree of hydrolysis of
β-lactoglobulin in raw milk during the gastric phase.37

3.6. Transepithelial transport study of a lactosylated
β-lactoglobulin peptide

Peptide derived from the previously mentioned β-lactoglobulin
epitope, KIDALNENKVLVL, shows two lysine residues very
likely lactosylated due to the thermal treatment (ESI
Fig. S2†).4,32 This peptide was identified in the WPI gastric
digests, with lactosylation at one or both lysine residues in
addition to the unlactosylated molecule. Thus, the possible
transport of this peptide under different forms through the
intestinal barrier was tested. The peptide was synthesized
obtaining a mixture, as confirmed by HPLC-MS/MS: mono-lac-
tosylated peptide (36%), di-lactosylated peptide (10%), and
unglycated peptide (53%).

In the apical chamber from the Caco-2 culture, the three
forms were identified with the following proportions: 42% of
mono-lactosylated, 8% of di-lactosylated, and 50% of unmodi-
fied peptide. After 60 min of incubation the distribution in the
apical side was: 57% lactosylated, 8% di-lactosylated, 35%
unmodified peptide. This difference could be related to an
easier transepithelial transport of the native peptide with
respect to the glycated forms, in accordance to what has been

described for other dietary Maillard reaction products26 or to
greater susceptibility of the non-lactosylated peptide to the
activity of the Caco-2 cells peptidases. Interestingly, in the
basolateral side, both the unmodified (54%) and the mono-lac-
tosylated (46%) peptides were found, while the di-lactosylated
form could not be detected. Again, the proportion between the
two forms suggests the native peptide to be more easily trans-
ported. However, the passage of the peptide linked to the
carbohydrate moiety is not prevented. Table 2 shows the
sequences of the parent peptide and fragments identified in
the apical or basolateral sides in the Caco-2 cell culture.
Although at least ten different forms were observed in the
apical side, only five sequences were unequivocally detected in
the basolateral chamber. The translocated forms correspond
to the native peptide, its mono-lactosylated form, and three
sequences with an asparagine at the N-terminal end. The
C-terminus contains leucine or valine, where the single
residue disappearance suggests the exopeptidase action by the
brush border peptidases. The favoured transport of these three
peptides with common N-terminal residue is consistent with
an earlier observation of the importance of this amino acid for
the transport of oligopeptides across the Caco-2 cell mono-
layer.49 The shorter forms were always identified as non-lacto-
sylated products pointing again to a promoted transport of
unglycated forms.

4. Conclusions

The semi-dynamic in vitro gastrointestinal digestion model
was applied to study the effects of processing on whey protein
digestion rate and allergenicity. Comparing the results
obtained for the untreated CW sample and WPI, a more rapid

Table 2 Identification of peptides in the apical and basolateral
chambers in the Caco-2 transport experiment upon application of
β-lactoglobulin peptide KIDALNENKVLVL

Analyzed
chamber

Theoretical
massa

Observed
mass Sequence

Apical 1467.87 1468.3 KIDALNENKVLVL
1793.87 1792.3 KIDALNENKVLVL +

Lact
2115.87 2113.0 KIDALNENKVLVL + 2

Lact
1354.78 1355.1 KIDALNENKVLV
813.50 813.8 ENKVLVL
927.54 927.9 NENKVLVL

1040.62 1040.9 LNENKVLVL
1111.66 1112.0 ALNENKVLVL
814.46 814.8 NENKVLV
715.39 715.6 NENKVL

Basolateral 1467.87 1467.2 KIDALNENKVLVL
1793.87 1793.4 KIDALNENKVLVL +

Lact
927.54 927.8 NENKVLVL
814.46 814.7 NENKVLV
715.39 715.7 NENKVL

aMonoisotopic.
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digestion of the WPI sample was observed, resulting in more
extensive protein digestibility in the form of released peptides.
At 20 min of gastric digestion, intact α-lactalbumin was
present at a higher amount in CW, showing higher IgE-
binding, while in later digests, WPI showed greater reactivity,
probably due to the appearance of linear epitopes. This sup-
ports the effects of processing on digestion and, as a conse-
quence, on protein allergenicity, underlining the importance
of kinetic digestion studies to evaluate this aspect.
Interestingly it was found that peptide β-lactoglobulin
KIDALNENKVLVL, a potential IgE-binding peptide, can be
transported across the cell monolayer, both in the native and
lactosylated forms, and the activity of the cell peptidases was
observed by the generation of new shorter peptides. A deeper
investigation on the role of lactosylated residues in the
different absorption of the peptides would help to ascertain
the route involved in the transport of the unmodified and
modified peptides.
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