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Abstract The main aim of this study was to develop a
continuous microwave treatment system of whey proteins
and then apply this process at 37 °C, 50 °C, 65 °C and
70 °C to achieve pepsinolysis and produce extensively
hydrolysed bovine whey protein hydrolysates with low
allergenic properties. The microwave process was com-
pared to a conventional thermal treatment with similar
temperature set points. Both processes were deeply anal-
ysed in terms of the thermal kinetics and operating con-
ditions. The pepsin hydrolysates obtained by the
continuous microwave treatment and conventional heating
were characterized by SDS-PAGE and RP-HPLC. The
allergenicity of the whey protein hydrolysates was
explored using a human IgE sensitized rat basophil leu-
kaemia cell assay. The results indicate that extensively
hydrolysed whey protein hydrolysates were obtained by
microwave only at 65 °C and in a shorter time compared
with the conventional thermal treatment. In the same
temperature conditions under conventional heating, B-lac-
toglobulin was resistant to pepsinolysis, and 37% of it
remained intact. As demonstrated by an in vitro degranu-
lation assay using specific human IgE-sensitized rat
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basophils, the extensively hydrolysed whey protein
obtained by microwave showed maximum degranulation
values of 6.53% compared to those of the native whey
protein isolate (45.97%) and hence elicited no more aller-
genic reactions in basophils. This work emphasizes the
potential industrial use of microwave heating specific to
milk protein processing to reduce their allergenicity and
improve their end-use properties.

Keywords Microwaves - Thermal process - Allergen - f3-
Lactoglobulin - Enzymatic hydrolysis - Pepsin - Basophil
degranulation - Specific IgE

Introduction

Milk and egg allergies are the most frequent food allergies
occurring in early childhood, affecting 0.5-6% of infants
(Koletzko et al. 2012; Nwaru et al. 2014). Hypoallergenic
infant formulas based on extensively hydrolysed milk
proteins are used in the diets of cow milk allergic infants
(Bggh et al. 2015). The main bovine milk allergens are
caseins (CAS), B-lactoglobulin (BLG), and a-lactalbumin
(ALA) (Bu et al. 2013). Less common antigens in cow milk
are serum albumin (BSA) and immunoglobulins (O’Rior-
dan et al. 2014). Many food allergens are stable and
resistant to digestion by gastrointestinal enzymes or are
processed into high molecular weight peptides that retain
IgE binding and T cell-stimulating properties, as is the case
for bovine whey protein B-lactoglobulin (Breiteneder and
Mills 2005; Tsabouri et al. 2014). The molecular basis of
alterations in protein allergenicity is the destruction of
conformational and linear epitopes. However, methods of
cow milk processing may even produce new epitopes
(neoepitopes) or make hidden epitopes accessible by
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denaturing the native allergen (cryptotopes) (Taheri-
Kafrani et al. 2009). Therefore, the use of processing
technologies to enhance the functional properties of pro-
teins needs to be well controlled. Novel technologies
continue to be explored in the objective of altering the
characteristics of proteins: high pressure, ultrasound,
microwave heating, or pulsed-electric field (Augustin and
Udabage 2007; Madadlou et al. 2011; Uluko et al. 2014;
Verhoeckx et al. 2015; Ketnawa and Liceaga 2017). Sev-
eral studies have reported that microwaves could enhance
the effect by creating accelerated organic and chemical
reactions (ElAshry et al. 2005; Kappe and Dallinger
2009).George et al. (2008) studied the impact of micro-
waves at 2.45 GHz on protein unfolding using surface
plasmon resonance sensing. They found that the denatu-
ration and unfolding of a bovine crystalline were higher
under microwave heating than with conventional heating at
the same temperature. However, the impact of microwaves
on the denaturation and unfolding processes of protein
remains controversial. Damm et al. (2012) performed
tryptic digests of three model proteins (bovine serum
albumin, cytochrome ¢ and B-casein) at 37 °C and 50 °C
using both microwave and conventional heating, applying
accurate internal fibre-optic probe reaction temperature
measurements. The authors reported that the tryptic
digestion of the three proteins and the subsequent analysis
of the corresponding cleavage products by MALDI-TOF
provided virtually identical results from 2.45 GHz micro-
wave irradiation and conventional heating. Nevertheless, in
these studies, sparse information is provided on the oper-
ating system of the microwaves, and generally, the water
bath immersion used as a conventional heating control does
not reproduce the same temperature and energy profile in
the sample; hence, any comparison could be biased.

In previous studies, in batch conditions at the lab scale
(El Mecherfi et al. 2011, 2015), we demonstrated that
microwaves could be an alternative to achieving hydrolysis
of B-lactoglobulin in a few minutes compared to the longer
time necessary for efficient conventional processing.

Moreover, the hydrolysates obtained with pepsin by a
microwave presented a low allergenicity when studied with
human IgE immunoreactivity and when using an animal
model ex vivo.

Milk protein hydrolysates currently available for allergic
children are derived from processes that include conven-
tional heat treatments. To our knowledge, microwave
heating has not been included in the production of milk
protein hydrolysates on an industrial scale. This could be
made possible by combining microwave treatment with a
heat exchanger to accurately control the thermal parame-
ters and to scale up the operation.

The main objective of this study lies in the optimization
of the pepsinolysis of bovine whey proteins under dynamic
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microwave irradiation and the comparison of the allergenic
properties of the end products with those produced by a
conventional heating process. For this purpose, we set up a
semi-pilot experimental microwave device to control the
process conditions, such as temperature and process dura-
tion. With this device, hydrolysis was performed under
microwaves with process conditions close to the ones
encountered in the industry for tubular heat exchangers.

Regardless of other publications related to the micro-
wave effect on whey protein solutions at the lab scale
(Gomaa et al. 2013, 2016), this study also emphasizes
detailed operating conditions (temperature, mean residence
time distribution, microwave forward power, and bio-
chemistry analysis) so that microwave processing could be
efficiently compared to a conventional heating treatment
under a similar thermal history.

Materials and methods
Microwave treatment

The microwave device consisted of a solid-state micro-
wave generator (Alter SG524 MKS, USA) able to provide
a monochromatic wave in the frequency range of
24-25GHz (£ 1 MHz) with an adjustable output
microwave forwarded power from 9 to 450 W (Fig. 1a).
The microwave signal was transmitted directly into the
TEI10 rectangular waveguide (transverse rectangular sec-
tion of 86 x 43 mm). The waveguide was made of alu-
minium. The system was followed by a 3 stub tuner, which
was used to minimize the microwave reflected power from
the load (impedance matching).

The microwave applicator consisted of two concentric
quartz tubes crossing the wide side of the TE10 rectangular
waveguide. Two metallic chimneys were added at both
large sides of the waveguide (near both the liquid inlet and
outlet regions) so that no microwave leakages could be
detected in the air surrounding the medium.

The liquid consisting of the whey protein concentrate
flowed continuously within a closed loop through the inner
quartz tube (6/8 mm diameter) with an adjustable residence
time under the microwave. The system was also designed
in such a way that compressed cold air coming from a
Vortex tube (ExairTM Corporation, OH, USA) could be
injected within the outer quartz tube during the microwave
treatment (Fig. 1b).

From a practical point of view, the liquid was first
pumped out from a feeding tank (50 mL) with a peristaltic
pump (MasterFlex, Cole-Parmer, USA). The neoprene
tubing circuit was connected to the waveguide chimney
and the inner quartz tube. The peristaltic pump, insuring
sample circulation, was set at a rate of 2.61 L/h so that the
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mean residence time of the liquid in the microwave was in
the range of 2 s per cycle. The total experiment lasted
30 min, so 43 microwaves cycles were considered.

To obtain the resonant cavity conditions and appropriate
standing wave patterns within the microwave applicator,
the waveguide termination consisted of a sliding short with
an adjustable moving piston.

The first trials consisted of finding the optimal cavity
size by moving the piston upward or downward to obtain
the lowest microwave reflected power (impedance match-
ing). If the sliding short did not allow for obtaining zero
microwave reflected power, the operation consisted of

triggering the 3 stub tuner to find the lowest reflection
coefficient. The automatic frequency tuning option of the
solid-state microwave generator also enabled modification
of the microwave frequency in the range 2.4-2.5 GHz to
find the best impedance match of the single mode cavity
throughout the experiments.

In the case of the inner quartz tube, two thermocouples
connected to a datalogger (OM-CP QuadTemp 2000,
OMEGA, France) were placed at both the liquid inlet and
outlet so that the electric field did not disturb the temper-
ature measurement. In the case of the outer quartz tube, two
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thermocouples were also placed at both the inlet and outlet
for airflow.

An optical fibre sensor was used to monitor the tem-
perature of the liquid at the centre of the inner quartz tube
(NeoptixTMReﬂexTM, Canada). This sensor was connected
to the input of a PID controller (Eurotherm 2408/2404,
UK), which in turn triggered the microwave forward power
of the solid-state generator according to the target
temperature.

The operating conditions were set up to reach target
temperatures of 37 °C, 50 °C, 65 °C and 70 °C at the
center of the quartz tube. The PID controller was tuned to
reach this target temperature at 25 °C/min, starting from
the ambient temperature. Once the target temperature was
reached, the controller allowed the maintenance of this
target temperature throughout the microwave treatment
(30 min). Nevertheless, to ensure constant microwave
irradiation during the holding phase at the target temper-
ature, the inner quartz tube was continuously cooled with
compressed cold air flowing through the outer quartz tube.

All fluid temperatures and the microwave forward
power were recorded with a data logger (Datalog, AOIP
France) connected to a personal computer.

Conventional heat exchanger

The second set up consisted of mimicking the operating
conditions encountered during the microwave heating
process, but with an external heat flux from hot water
(Fig. 1c). The heat exchanger consisted of the same inner
quartz tube as described previously (150 mm length and
6/8 mm diameter). The tube was inserted into a metallic
enclosure where hot water was circulating within an
external closed loop connected to a water bath (Julabo,
F32, Germany). The system was thermally insulated from
the air surrounding medium with insulated foam at the
external surfaces.

The peristaltic pump was set at the same rate as for the
microwave processing conditions (2.61 L/h) to mimic a
similar residence time distribution in both processes.

Two thermocouples were placed at both the inlet and
outlet regions of the quartz tube. Another thermocouple
was placed directly into the centre of the tube to precisely
measure the inner temperature. All temperature measure-
ments were recorded with a data logger (OM-CP Quad-
Temp 2000, OMEGA, France). The temperature of the
external fluid was adjusted manually according to the target
temperature at the center of the quartz tube.

Preparation of the samples and proteolysis

A native whey protein concentrate solution (WPC80: 80%
protein in dry matter and 16% lactose) was dissolved in a
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glycine buffer (50 mM, pH 2) at a concentration of 1.25%
(w/v) under gentle mixing at 25° until complete solubi-
lization occurred. The total protein concentration was
9 mg/mL, as determined by the BCA method (Brown et al.
1989).

Fifty milliliters of native whey protein solution was
added to the sample container for the proteolysis
experiments.

The pepsin hydrolysis was performed by microwave and
conventional heating by adding 27 U/mg of whey protein,
and samples were obtained at 5, 10, 20 and 30 min. The set
point temperatures applied were 37 °C, 50 °C, 65 °C and
70 °C. The enzyme was deactivated by raising the pH to 7
with Tris 2 M (pH 8), and samples were stored at — 20 °C.

Protein pattern of the whey hydrolysates
SDS-page

The protein pattern was analysed by SDS-PAGE. The
hydrolysates (5 pg per sample) were applied on PAGE
under reducing conditions. After protein separation, the
proteins were stained with Coomassie Blue Brilliant R250
as described previously (El Mecherfi et al. 2011).

RP-HPLC

Reverse phase chromatography was performed on a C18
Symmetry column from Waters (3.5 um, 4.6 mm x 100
mm) using a Waters (Milford, MA) HPLC System Alliance
with the following conditions: flow rate 1 ml/min, eluant A
(trifluoroacetic acid (0.07%) in water), and eluant B (80%
acetonitrile, 20% water and 0.06% TFA). Elution was
performed with a two-step linear gradient of eluant B from
0% to 35% over 22 min and then from 35% to 100% over
7 min. The detection was performed with a Waters Dual
Wavelength Detector at 214 nm, and the data were anal-
ysed using Empower software.

Degree of hydrolysis

The evaluation of the degree of hydrolysis (DH) of the
whey protein hydrolysate samples was performed using the
OPA method, as described by Nielsen et al. (2001). DH is
defined as the percentage of cleaved peptide bonds:
DH% = h/htot * 100, where htot is the total number of
peptide bonds per protein equivalent and h is the number of
hydrolysed bonds. htot is dependent on the amino-acid
composition of the raw material (htot whey protein = 8.8)
(Nielsen et al. 2001).

The OPA method is based on the reaction of the primary
amino nitrogen with ortho-phthalaldehyde (OPA), which
forms a compound detectable at 340 nm in a UV-Vis
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spectrophotometer (V-650, Jasco Europe, Italy). The OPA
reagent was prepared by dissolving Na tetraborate dec-
ahydrate, Na dodecyl sulfate (SDS), ortho-phthaldialde-
hyde 97% (OPA) and dithiothreitol 99% (DTT) in a
deionized water solution. A leucine solution was used to
prepare a standard curve (0.25-2.5 mM). In each mea-
surement, 3 mL of OPA reagent was added to 400 pL of
deionized water (blank), the leucine solution (standard) or
the sample.

All measurements, performed in triplicate, were carried
out at 25 °C using deionized water as a control after 5 min
of reaction. The number of primary amino acids was
determined from the absorbance values and used to cal-
culate the hydrolysis degree (HD%).

Basophil activation test

The activation of rat basophil leukaemia (RBL) cells was
performed by native and whey protein hydrolysates in the
presence of the patient sera. Ten out of 60 patients with
confirmed milk allergies were selected based on their total
and BLG-specific IgE levels (Table 1). G418-selected
RBL-SX38 cells expressing human FceRI were seeded at
1.2 x 10* cells/mL and cultured at 37 °C in a humidified
atmosphere with 5% CO,. Sera were heated for 45 min at
56 °C in the presence of 4 M glucose to reduce cytotoxi-
city (Binaghi and Demeulemester 1983) and diluted 1:40
prior to their addition to the cells for 48 h. IgE-sensitized
cells were stimulated for 45 min at 37 °C by native BLG.
The native whey proteins or their hydrolysates were diluted
from 1 to 2 x 10° ng/ml in Tyrode buffer containing 50%
deuterium oxide (D,O, Sigma) (Blanc et al. 2009). All
experiments were performed in triplicate. In mast cells and
basophils, most of the B-hexosaminidase (pro-inflamma-
tory molecule) is localized in the granules. After exposure
to harmless allergens, such as food allergens, for

sensitization, allergen-specific IgE-bound FceRI were
cross-linked and mast cell/basophile granules were relea-
sed.B-hexosaminidase release was measured as follows:
blank and positive controls were obtained with unstimu-
lated cells and after stimulation with mouse anti-human
IgE, respectively. The percentage of degranulation was
expressed as the ratio between the sample value and the
anti-IgE degranulation value, both corrected for the blank.
The highest mediator release value (MaxD) was calculated
using GraphPad Prism 5.02 for Windows software
(GraphPad Software Inc., La Jolla, CA, USA).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
5.02 for Windows software (GraphPad Software Inc., La
Jolla, CA, USA), and p values below 0.05 were considered
significant. Data are expressed as the mean + SEM. Data
per group were analysed, and differences between medians/
means were analysed by ANOVA with a subsequent
“Newman-Keuls Multiple Comparison” post-test (more
than 2 groups).

Results and discussion
Temperature control

The first objective of this study was to explore the impact
of microwave treatments at different temperature condi-
tions on the rate of pepsin hydrolysis of BLG and to then
apply the same temperature conditions using conventional
heating to compare both process treatments. Hence, it
remains of primary concern to accurately perform and
control both the thermal history of the processed samples

Table 1 Specific IgE of the major whey protein for the serum samples used in the rat basophil degranulation test (RBL)

Patient Age (months) Symptoms Anti BLG IgE (ng/ml) Anti ALA IgE (ng/ml) Total IgE (ng/ml)
35 6 Vom, Diarr 135 1289 393
36 6 Vom, Eczema 188 249 175
37 12 Abd P, Vom 239 529 859
41 10 Diarr, Vom 126 300 148
45 18 Abd P, Diarr 224 325 633
50 22 Abd P 323 429 523
9 5 Diarr 186 257 639
1606 8 Vom, Diarr 370 453 655
1610 7 Abd P 241 214 667
69 13 Abd P, Eczema 100 95 700

Vom, vomiting; Diarr, diarrhoea; AbdP, abdominal pain
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and the operating conditions to study the impact of a
microwave effect during whey protein hydrolysis.

As will be discussed later, the total degradation of BLG
by microwave heating was obtained at 65 °C.

The experimental temperatures of the liquid sample
recorded at the center of the quartz tube exposed to
microwave irradiation at a target temperature of 65 °C are
presented in Fig. 2.

The temperature evolution during microwave heating
showed a quasi-linear progression until 65 °C and then
showed a holding phase around the set point with contin-
uous microwave irradiation. This permanent microwave
incident power remained possible by the use of the com-
pressed cold air injection (& — 8 °C at the inlet) around
the outer quartz tube, as described in detail in the micro-
wave processing section. However, during the conventional
heating process, the come-up time to reach the set point
temperature was significantly higher than during the
microwave treatment due to the heat transfer limitation by
conduction/convection (Fig. 2). Additional experiments by
SDS-PAGE and RP-HPLC were conducted, and they
confirmed that the thermal history to reach the set-point
temperature of 65 °C for both treatments did not modify
the proteolysis rate (data not shown).

Overall, as soon as the holding phase remained the same
for both treatments, it could be deduced that the thermal
history was similar between the conventional heating pro-
cess and the microwave treatment.

Whey protein hydrolysate characterization

SDS-PAGE and RP-HPLC results

Figure 3 presents the SDS-PAGE profiles of the whey
protein hydrolysates obtained after 5, 10, 20 and 30 min of

pepsin hydrolysis by microwave irradiation at different
temperatures (37 °C, 50 °C, 65 °C and 70 °C). The native

80 30 min conventional heating (65°C) 250

70 30 min microwave heating (65°C)

“._ veee l.r. anne Pae 200
60 | /,/""

'l
50 ) 150
40

[
1
30 } 100
!

== == Microwave Heating

Temperature (°C)

20

Conventional Heating 50
10

Power Incident

(M) pailddns Jamod papiem.ioy sSABMOIN

0 10 20 30 40 50
Microwave treatment duration (min)

Fig. 2 Temperature profile recorded during the microwave and
conventional heating processes with microwave forward power
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whey proteins showed two major bands with molecular
weights of 18 and 14 kDa, corresponding to bovine BLG
and ALA, respectively. Except at the highest temperature,
ALA was degraded after only 5 min of hydrolysis. In
contrast, the BLG total degradation was only obtained after
30 min of microwave-assisted pepsinolysis at 65 °C
(Fig. 3¢). When proteolysis was carried out at 50 °C and
70 °C (Fig. 3b, d), BLG was only partially degraded, and
80% of the intact residual BLG remained in the end
product. This could be due principally to the pepsinolysis
resistance of BLG until 50 °C, considering that BLG still
exhibits a compact structure at this temperature, as
demonstrated by circular dichroism studies (Iametti et al.
1996; Manderson et al. 1999). In contrast, at 70 °C, the
protein starts to unfold and becomes more susceptible to
enzyme degradation (Iametti et al. 1996). On the other
hand, at this temperature, the impact of BLG degradation is
compromised (lowered) by the deactivation of pepsin, the
activity of which is conserved until 60 °C. This observation
concerning temperature conditions making BLG more
susceptible to pepsin at 65 °C confirms our past results (El
Mecherfi et al. 2011). Accordingly, the total degradation of
BLG by microwave was achieved at 65 °C under these
operating conditions. To verify whether the same effect on
BLG pepsin susceptibility could be obtained with con-
ventional heating, similar experiments were carried out
with conventional heating at the 65 °C set point. SDS-
PAGE analysis (Fig. 4a) shows an incomplete hydrolysis
under conventional heating at 65 °C, with a clear resistance
of BLG to pepsin hydrolysis. These results were confirmed
by RP-HPLC analysis (Fig. 4b) with the absence of the
peak corresponding to BLG and eluted at 29 min.

Furthermore, the degree of hydrolysis (DH) of the
products obtained by pepsinolysis in microwaves and
conventional heating at 65 °C were compared. The DH
obtained by microwave was significantly higher
(P < 0.001) than that of the hydrolysate obtained with
conventional heating, reaching 14.1% versus 7.1%,
respectively (Fig. 4c¢).

It is assumed that BLG is very resistant to pepsin
digestion, which makes it the major whey protein allergen.
The resistance is due to the stability of its globular con-
formation at an acidic pH and the poor accessibility of the
target hydrophobic amino acid residues to pepsin action
(Schmidt et al. 1995).

Our results demonstrate that BLG undergoes particu-
larly intense dynamic denaturation under microwave
action, which is different from what occurs during con-
ventional heating. In a previous study by El Mecherfi et al.
(2015), we demonstrated that the BLG heated by micro-
waves at 63 °C exhibits different far- and near-UV circular
dichroism spectra, suggesting that microwaves at this
temperature weaken BLG folding compared to
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conventional heating; consequently, less rigid tertiary and
secondary structures are produced, making BLG more
susceptible to pepsinolysis. Recently, Gomaa et al. (2016)
used spectroscopic methods to study the unfolding of BLG

by microwave (MW_WPH) and those obtained by conventional
heating (CH_WPH) after 30 min of hydrolysis. ¢ Degree of hydrol-
ysis of the pepsin whey protein hydrolysates obtained by microwave
and conventional heating at 65 °C

under microwaves compared with conventional heating.
They indicate and confirm a substantial effect of micro-
wave treatment on the thermal unfolding of BLG compared
with conventional heating. They also provide supporting
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evidence that the observed pepsin susceptibility as a
function of the microwave treatment is due to the increased
exposure of the pepsin target residues in the microwave-
treated protein.

Basophil activation test

To pass from the development phase to clinical application,
it is important to evaluate the allergenicity/antigenicity of
hydrolysed formulas for their safety. In our study, the
residual allergenicity of whey protein hydrolysates pro-
duced by microwaves (MW_WPH) and conventional
heating (CH_WPH) was investigated by a basophil acti-
vation assay, which presents a powerful in vitro tool
mimicking IgE-mediated reactions in vivo. The assay was
achieved using a pool of children with a confirmed milk
protein allergy. This step mimics what happens physio-
logically in the effector phase of an allergy.
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Fig. 5 Basophil activation assay with human sera. RBL-SX38 cells
were stimulated with BLG, native whey protein (WPC), microwave
assisted whey protein pepsin hydrolysates (MW_WPH) and conven-
tional heating assisted whey protein pepsin hydrolysis (CH_WPH) at
concentrations from 1 to 2 x 10° ng/ml. a Degranulation curves for
the pool of 10 sera from allergic children. b Maximum degranulation
(Max D) data calculated from three repetitions in triplicate. Mean +
SEM and results of statistical tests (ANOVA with a subsequent
Newman—-Keuls multiple comparison post-test) are presented
(***p < 0.001)
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Figure 5a shows the percent of [-hexosaminidase
released after the cross-linking of allergens with the anti-
milk-specific human IgE of sensitized basophils. The
native whey protein (WPC) and native BLG used as trig-
gering antigens induced a large release of [-hex-
osaminidase, reaching maximum values of 46 + 5%
(Fig. 5b), confirming the strong allergenicity of BLG
compared to total whey protein. The stimulation with the
whey protein hydrolysates obtained in conventional heat-
ing at 65 °C still induced the release of B-hexosaminidase,
with a MaxD remaining at 25 £ 3%. In contrast, no sig-
nificant degranulation was observed when the pepsin whey
protein hydrolysates generated by microwaves at 65° were
used as triggering antigens compared with the native whey
proteins and whey protein hydrolysates obtained under
conventional heating. These results indicate that no epitope
determinants in these hydrolysates were recognized by the
pool of anti-whey human IgE, suggesting that pepsin
hydrolysis was more efficient under microwave conditions.
This microwave process could enhance the accessibility of
resistant and buried sites to pepsin proteolysis. These
results confirm our previous findings (El Mecherfi et al.
2015) in which the whey protein hydrolysates obtained
with pepsin under microwave conditions did not induce
any anaphylactic reactions when challenging the intestinal
fragment from BLG-sensitized mice in the Ussing
chamber.

Subsequently, a clinical study of the use of microwave
heated milk on the efficiency of oral immunotherapy (OIT)
was conducted (Takahashi et al. 2016). The authors
demonstrated that when children with milk allergies were
given milk heated in a microwave at 500 W (60 °C) during
oral food challenge (MH-CM-OFC), the threshold (mini-
mum of milk volume administered to provoke clinical
reactions) for MH-CM-OFC significantly increased com-
pared with that of the fresh cow milk oral food challenge
(CM-OFC). In addition, the severity of the allergic symp-
toms in MH-CM-OFC was significantly smaller than that
observed in the case of CM-OFC. This could be related to
the enhanced digestibility of the milk proteins heated under
microwave conditions. In addition, oral immunotherapy
was achieved with success when children received the
microwave heated milk.

Conclusion

In conclusion, according to our observations, the applica-
tion of a microwave heating process in concomitance with
enzymatic proteolysis improved the susceptibility of
resistant proteins (BLG) to pepsinolysis and represents a
new way for improving the bioactive properties of milk
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proteins, which could be integrated easily into an industrial
set-up.

In addition, the extensively hydrolysed whey protein
hydrolysates generated under microwaves did not elicit the
allergic reactions as did those produced by applying con-
ventional heating processes.

From an industrial point of view, microwave processing
for liquid food products highly improves the flexibility of
the system compared to a conventional heating treatment
(low inertia and potential energy savings).

The microwave-assisted proteolysis of dairy products is
thus a promising technique that could be scaled-up and
integrated for industrial applications.
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