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Abstract: Bitterness is a considerable limiting factor for the application of bioactive peptides in the
food industry. The objective of this study was to compare the level of bitterness of milk-protein-
derived peptides using an electronic tongue (E-tongue). Liquid milk protein concentrate (LMPC)
was prepared from ultra-heat-treated skimmed cow’s milk. It was initially hydrolyzed with different
concentrations of trypsin, namely, 0.008 g·L−1, 0.016 g·L−1 and 0.032 g·L−1. In a later exercise, tryptic-
hydrolyzed LMPC (LMPC-T) was further hydrolyzed using Lactobacillus bulgaricus and Streptococcus
thermophilus. The effect of glucose in microbial hydrolysis was studied. The bitterness of peptides
was evaluated with respect to quinine, a standard bittering agent. The level of bitterness of the
peptides after microbial hydrolysis of LMPC-T (LMPC-T-F and LMPC-T-FG) was evaluated using
a potentiometric E-tongue equipped with a sensor array that had seven chemically modified field-
effect transistor sensors. The results of the measurements were evaluated using principal component
analysis (PCA), and subsequently, a classification of the models was built using the linear discriminant
analysis (LDA) method. The bitterness of peptides in LMPC-T-F and LMPC-T-FG was increased with
the increase in the concentration of trypsin. The bitterness of peptides was reduced in LMPC-T-FG

compared with LMPC-T-F. The potential application of the E-tongue using a standard model solution
with quinine was shown to follow the bitterness of peptides.

Keywords: milk-protein-derived peptides; enzymatic hydrolysis; microbial hydrolysis; bitterness;
electronic tongue; correlative analysis of bitterness

1. Introduction

Milk proteins (MPs) have long been recognized as sources of high-quality protein
because they can provide all types of amino acids with unique physiological and biochemi-
cal importance [1,2]. The applications of milk protein concentrate (MPC) in confectionery
products, processed cheese, kefir, yogurt and muscle gain formulations are noteworthy.
Depending on the dry matter, MPCs are classified as MPC-35, MPC-50, MPC-56, MPC-60,
MPC-65, MPC-70, MPC-75, MPC-80, MPC-85, MPC-88 and MPC-90 [3,4]. Presently, the
importance of the application of liquid milk protein concentrate (LMPC) in medium- and
small-scale industries are coming to the forefront [5]. Unfortunately, some limitations
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of the MPs were reported [4]. MPs are listed among the “big 8” allergens due to the
presence of linear and conformational epitopes in different subunits of their structures.
They are responsible for protein-induced enterocolitis syndrome (FPIES), food-protein-
induced enteropathy (FPE), food-protein-induced allergic proctocolitis (FPIAP) [6] and
immunoglobulin E (IgE)-mediated hypersensitivity [7] in infants and adults. Therefore,
the need for a reduction in the allergenic activity of MPs has motivated scientists around
the globe.

In the food industry, the enzymatic hydrolysis of MPs is considered to reduce the
allergenic activity of proteins. Hydrolysis of MPs with microbial-, plant- and animal- based
proteases produces dietary peptides and amino acids [8]. It has been recognized as “safe” by
the United States Food and Drug Administration (FDA or USFDA) and the European Food
Safety Authority (EFSA). Enzymatic hydrolysis of MPs can be controlled by the selection of
specific enzymes, reaction conditions and operating parameters [9]. It was demonstrated
that milk-protein-derived dietary peptides confer a wide range of functionalities, including
antioxidant, angiotensin-converting enzyme inhibition, antibacterial, antidiabetic, hypoten-
sive, osteoprotective, antiobesity and immunomodulatory activities [10]. The bioavailabil-
ity and nutritional values of MPs are increased due to their hydrolysis [11]. However, a
plethora of literature about the beneficial effects of milk-protein-derived bioactive peptides
are available, and their industrial production, commercialization and implementation in
food and biopharmaceutical sectors are facing several challenges, including the (a) high
processing cost related to the feedstock and equipment for both upstream and downstream
processes, (b) bitter taste of bioactive peptides, (c) inadequate clinical evidence related to
the bio-efficiency, (d) limited information about the bioavailability and metabolic fate of
bioactive peptides and (e) complications in methodologies related to the quality assurance
of bioactive peptides as biopharmaceuticals [12].

In the present investigation, the bitterness of bioactive peptides was triggered. The
application of an E-tongue (objective instrument) has allowed scientists to understand
human taste perception. An E-tongue is a high-sensitivity sensor-based instrument (ar-
tificial taste sensing) that is proficient at differentiating food products through pattern
recognition. Similar to an electronic nose and spectroscopy, the beneficial aspects of an
E-tongue are (a) rapid analytical outputs, (b) affordable operational cost, (c) easy to use,
(d) small sample size and (e) harmless to the user [13]. Several models of chemical sensors
have also been used to design the electronic tongue’s sensor array: electrochemical (po-
tentiometric, voltammetric, amperometric, impedimetric, conductimetric), optical, mass
and enzymatic biosensors [14]. Among these, voltammetric and potentiometric E-tongues
are most commonly used for food analysis. A voltammetric E-tongue was engineered
for measurements of aqueous redox-active items. However, it was shown that they have
great selectivity toward biomolecules but changes in temperature influence the result. A
potentiometric E-tongue is an ion-selective sensor. Their application is noteworthy due to
their cost efficiency, high selectivity and flexible set-up [15]. Applications of a voltammetric
E-tongue to understand the quality of yogurt [16], milk [17], honey [18], coffee [19], tea [20],
fruit juice [21], meat [22] and fish [23] were reported. The potentiometric E-tongue was
successfully applied to understand the quality of milk [24,25], cheddar cheese [26], tea [27],
honey [28], fruit juice [29], coffee [30], meat [31] and fish [32]. Up to now, the application
of an E-tongue to understand the taste of peptides produced by tryptic and microbial
hydrolysis of MPs has not been reported.

In our previous investigation, allergen-free peptides with antioxidant capacity,
angiotensin-converting enzyme inhibitory activity and antibacterial activity were pro-
duced via sequential tryptic and microbial hydrolysis of proteins in LMPC [33]. In this
investigation, the bitterness of peptides produced via sequential tryptic and microbial
hydrolysis of proteins in LMPC was evaluated using a potentiometric E-tongue. The effect
of the concentration of trypsin in the proteolysis of proteins was studied. The formation of
lower-molecular-weight peptides was increased after tryptic and microbial hydrolysis of
LMPC. The bitterness of peptides was increased with the increase in the concentration of
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trypsin in the proteolysis process. The level of bitterness was reduced due to the addition
of glucose in the microbial hydrolysis process.

2. Materials and Methods
2.1. Skim Milk

Skimmed milk (0.1% fat), produced via an ultra-heat treatment (UHT) of cow’s milk,
was procured from local grocery shops in and around Budapest, Hungary. Throughout the
experiment, milk was stored in a refrigerator at a temperature of 10 ◦C for a maximum of
12 h.

2.2. LMPC via a Membrane Filtration Process

An indigenous cross-flow single-channel tubular membrane module made of stainless
steel (SS316) was used in the experiment to prepare the LMPC. Inside that membrane
module, a tubular ceramic ultrafiltration (UF) membrane with a pore size of 5 nm (Pall
Corporation, Crailsheim, Germany) was placed. A stainless steel twisted tape static tur-
bulent promoter was used inside the ceramic membrane tube to create turbulence on the
membrane surface. Detailed descriptions of the static turbulent promoter, tubular mem-
brane and membrane module were mentioned in our previous publication [5]. During the
filtration process, a trans-membrane pressure (TMP) of 3 × 105 N·m−2 was monitored using
pressure gauges and flow-controlling valves, which were fitted at the two opposite ends
of the membrane module. The feed flow rate was controlled using hydraulic diaphragm
pumps (HYDRA-CELL G03, Verder Ltd., Budapest, Hungary) and the inlet and outlet flow
valves. A rotameter at the retentate end and a bypass valve were also used for controlling
the retention flow rate at 200 L·h−1. Prior to filtration, membrane compaction was per-
formed with TMP at 4 × 105 N·m−2 and a retention flow rate of 200 L·h−1. Then, 1 L of
UHT milk was poured into the storage tank of the membrane module and the filtration
process was continued until 500 mL of permeate was achieved. The filtration process was
performed at room temperature. The retentate of the filtration process was collected and
considered as LMPC. The subsequent experiment was performed with LMPC.

2.3. Tryptic Digestion of Proteins in LMPC

The LMPC was pre-incubated at a temperature of 40 ◦C in a well-equipped bioreactor
with a working volume of 500 mL. A pH sensor and a temperature sensor (Mettler-Toledo
Seven Multi pH sensors; Mettler-Toledo GmbH, Schwerzenbach, Switzerland) were inserted
into the bioreactor through the lid. A data cable was connected to a computer and data
points were recorded using self-developed software in the R-project statistical software,
ver. 3.4.3 (R Core Team, Vienna, Austria). A sterile spiral tube heat exchanger was placed in
the feed tank and the isothermal condition was maintained using a temperature controller.
After pre-incubation, tryptic hydrolysis of MPs was performed under a fixed agitation
speed of 100 rpm and an operational temperature of 40 ◦C for 10 min. The effects of the
tryptic hydrolysis of proteins were investigated using different concentrations of trypsin
(0.008 g·L−1, 0.016 g·L−1 and 0.032 g·L−1). For this purpose, sterile 450 µL, 900 µL and
1.8 mL solutions from the stock solution of trypsin (protein concentration 0.009 g·mL−1)
was inoculated with 500 mL of LMPC in a separate experiment. They are presented as
LMPC-T-0.008, LMPC-T-0.016 and LMPC-T-0.032, respectively [5,34]. After 10 min of
the tryptic hydrolysis of the LMPC, it was immediately transferred to another reactor
with a volumetric flow rate of 120 L·h−1 using a centrifugal pump (HYDRA-CELL G03;
Verder Ltd., Budapest, Hungary). In that reactor, a temperature of 70 ◦C was used for
the inactivation of trypsin. Similar to before, a sterile spiral tube heat exchanger and a
temperature controller were used in this reactor. The tryptic hydrolyzed LMPC (LMPC-T)
stayed in this reactor for 30 min.
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2.4. Microbial Hydrolysis

After deactivation of the trypsin at a temperature of 70 ◦C, the temperature of the milk
was reduced to 45 ◦C. The effect of glucose in microbial hydrolysis of LMPC-T was studied.
For this purpose, 16 mL of sterile glucose solution from a 40% glucose stock solution
was added to 200 mL of LMPC-T in an aseptic condition. Lyophilized lactic acid bacteria
(Thermophilic YoFlex® Mild 1.0, Chr. Hansen, Nienburg, Germany) was used for microbial
hydrolysis of LMPC and LMPC-T. Microbial hydrolysis was performed in a 250 mL blue
cap glass bottle. Then, 2 mL of liquid culture from stock microbial culture was inoculated
to 200 mL of LMPC and LMPC-T. After inoculation, the levels of Lactobacillus bulgaricus and
Streptococcus thermophilus were 1.6 × 107 CFU·mL−1 and 5.4 × 106 CFU·mL−1, respectively,
according to Breed’s method [35]. Samples were denoted as LMPC-F, LMPC-T-F and
LMPC-T-FG, respectively. All samples were incubated at a temperature of 45 ◦C for 6 h in
an incubator (HACH, Düsseldorf, Germany) [36].

2.5. Sensory Analysis with Electronic Tongue

LMPC-F, LMPC-T-F and LMPC-T-FG were centrifuged at 5000 rpm for 15 min at a
temperature of 4 ◦C (Z216MK; Hermle, Wehingen, Germany). Clear supernatants of the
centrifuged samples were further diluted 10-fold with distilled water. The Alpha ASTREE
II potentiometric E-tongue (Alpha M.O.S., Toulouse, France) was utilized in the experiment.
The E-tongue was equipped with a sensor array (#1) that included seven CHEMFET
(Chemically Modified Field-Effect Transistor) sensors developed for food applications [37].
The food application sensors were BB, HA, ZZ, GA CA, JE and JB. In a working electrode
of the E-tongue, a lipid/polymer membrane comprises a lipid, a plasticizer and a polymer
as a sensing part. The electrode potentials of the seven sensors were recorded against the
reference electrode (Ag/AgCl 3 M KCl) (Metrohm, Herisau, Switzerland). The instrument
also consisted of a transducer for measuring signal differences and a 16-position auto-
sampler for the analysis. Each sensor in the E-tongue has a different bio-polymers layered
membrane. Differences in membrane composition in the sensor affect the selectivity, which
provides the sensor array cross-selectivity to tastes [38]. As the storage of the E-tongue
sensors was done in a dry state, it was necessary to condition and hydrate the sensors
before their use. Conditioning of the sensors was done using 0.01 N of hydrochloric acid.
The error limit of each sensor was defined in the calibration step to obtain consistent
and reproducible data during the measurements. Subsequently, the calibration of signals
from individual sensors was accomplished. An equal volume of each diluted sample
was mixed and considered for the calibration of the sensors. The calibration process was
repeated until the sensors were adjusted to their target values within the error limit from
the calibration [39]. It was already reported that enzymatic hydrolysis of proteins produces
peptides with a bitter taste [40]. Therefore, the standard bittering agent quinin-sulphate was
added to the diluted supernatant of LMPC-F and considered as the control. Two different
concentrations of quinin-sulphate, i.e., 8 µM and 40 µM, were used in the experiment. The
lower concentration of 8 µM (Q1) was selected to match with the human sensory threshold
of the bitter taste sensation [41,42] and the higher one was selected as five times higher
than the human threshold, i.e., and 40 µM (Q2). In the manuscript, they are presented as
LMPC-F_Q1 and LMPC-F_Q2, respectively. The bitterness of samples was measured at
room temperature in random order with the E-tongue. A total of 100 mL of sample volume
was considered during each measurement. Each sample was measured nine times. DI
water was used for the cleaning of sensors after each measurement. In the experiment, 120
s for sample acquisition and 10 s for sensor cleaning were considered. The average value of
the last 10 s of the reading (equilibrium stage) obtained from every sensor was calculated
and used for further statistical evaluation.

Two sets of experiments were performed with the E-tongue. In the first set of experi-
ments, a comparison of the supernatant of microbial fermentation broth was carried out
without quinin to understand their similar/dissimilar characteristics due to trypsin and



Chemosensors 2022, 10, 215 5 of 18

glucose. In the second set of experiments, the bitterness of the supernatant of fermentation
broth was evaluated with respect to quinin.

2.6. Statistical Analysis

All experiments were performed in triplicates and the mean value and standard
deviation were calculated. The one-way analysis of variance method followed by Tukey’s
post hoc test were performed to understand the significant differences (p < 0.05) between
different groups for all the analytical results. SPSS 15.0 (version 25.0) (IBM, Armonk, NY,
USA) was used for the statistical analysis.

For the E-tongue results analysis, a data matrix was developed that included the
results of each sample. The results of different samples and their repeats were arranged
in rows of a data matrix. The seven sensors of the E-tongue were used as variables. The
measurement results were evaluated using principal component analysis (PCA) [43] to
understand the pattern and visualize the information. In addition to the PCA score plots,
PCA-loading plots were developed to understand the contributions of different sensors of
the E-tongue in the observed separation pattern. A classification of the models was built
using the linear discriminant analysis (LDA) method [44] to cross-check the classification of
the samples. The LDA model was tested with three-time cross-validation. One-third of the
sample set was excluded from the calibration set and the generated model was validated
using these retained samples. The procedure was repeated iteratively three times to ensure
that all samples were included in the validation set once. The qualitative LDA model
was evaluated using the ratio of correctly classified samples in the model building and
cross-validation. The results of the PCA and LDA were visualized in score plots, where
the separation between different groups are presented with their 95% confidence intervals.
The statistical evaluation was performed using the R-project statistical software, Ver. 3.4.3
(R Core Team, Vienna, Austria) [45].

3. Results

A PCA score plot was developed based on the data of the E-tongue with LMPC-T-
0.008-F, LMPC-T-0.032-F, LMPC-T-0.008-FG, LMPC-T-0.032-FG and LMPC-F (Figure 1a).
The first principal component (PC1) described approximately 96% of the total variance.
PC1 presented separation between the tested sample groups (LMPC-T-F and LMPC-T-FG)
and LMPC-F (control). It was found that sample groups were very distinct from the control.

Based on the first discriminant factor (root 1), the LDA score plot provided a very
similar arrangement of the sample groups to the results of the PCA. It represented more
than 99% of the total variance (Figure 1b). The result of cross-validation was obtained and
it confirmed that the E-tongue was able to recognize and predict all the samples, including
control, successfully (100% correct classification).

In Figure 1c, the PCA loading plots of Figure 1a are presented. The separation patterns
observed in PC1 mostly occurred by the sensor ZZ, followed by sensors BB, GA, HA and
CA. Sensor JE had a significant role in the formation of PC2, followed by sensors HA, BB,
GA and JB, while sensors ZZ and CA had no significant contribution in this direction.

Quinine-supplemented model solutions, namely, LMPC-F_Q1 and LMPC-F_Q2, were
adopted to classify samples based on their bitterness (Figure 2). Sets of the data points
of different samples were positioned with their relative similarity/dissimilarity with the
quinine-supplemented model solutions. PC1 represented approximately 95% of the total
variance, showing the clear separation of the LMPC-T-F and LMPC-T-FG sample groups
from the LMPC-F and its quinine-substituted counterparts (Figure 2a). The tendency
of separation predominantly explained their level of bitterness compared with LMPC-F
using their relative position. As an example: all of the groups of LMPC-T-F samples were
positioned far away from LMPC-F. According to PC1, the bitterness of samples was in
the following order: LMPC-T-F > LMPC-F. It represented that all the LMPC-T-F samples
were more bitter compared to LMPC-F. Furthermore, PC1 represented the comparative
results of the bitterness of different samples. According to the bitterness of samples, the



Chemosensors 2022, 10, 215 6 of 18

order herein was as follows: LMPC-T-0.032-F > LMPC-T-0.008-F and LMPC-T-0.032-FG
> LMPC-T-0.008-FG. The addition of glucose in the microbial hydrolysis of proteins can
modulate the bitterness of samples. The bitterness of samples was lowered in LMPC-T-FG
compared to LMPC-T-F. Based on the PC1 results, LMPC-T-0.008-F > LMPC-T-0.008-FG
and LMPC-T-0.032-F > LMPC-T-0.032-FG.
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The results of the LDA model that was developed for the classification of the tested
samples are presented in Figure 2b. It presents a very similar pattern to the one observed
in the PCA (Figure 2a). Root 1 represented more than 99% of the total variance among the
groups. The confidence intervals of different groups in the LDA model provided 100%
correct classification in both model training and model validation.

The PCA loading plots of Figure 2a are presented in Figure 2c. According to PC1,
separation mostly occurred due to sensor ZZ, followed by sensors BB and GA. Furthermore,
it was noted that sensors JE, JB, CA and HA had no significant contribution to PC1. Sensors
JE and HA had a significant role in the formation of PC2, followed by sensors GA, CA and
BB. Sensors ZZ and JB had no significant role in PC2.

In a further experiment, LMPC-T-0.016-F and LMPC-T-0.016-FG were also considered
to analyze their characteristics using the E-tongue (Figure 3). Results of the E-tongue with
LMPC-T-0.016-F and LMPC-T-0.016-FG provided logical understanding, similar to Figure 1.
The PCA plot shows that LMPC-F was very much dissimilar compared with LMPC-T-F and
LMPC-T-FG. About 98% of the total variance of the E-tongue signals was retained in PC1
(Figure 3a). The group of LMPC-T-0.016-F was positioned between LMPC-T-0.008-F and
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LMPC-T-0.032-F. Similarly, LMPC-T-0.016-FG was positioned between LMPC-T-0.008-FG
and LMPC-T-0.032-FG.
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LMPC-T-0.008-FG, LMPC-T-0.032-FG, LMPC-F, LMPC-F_Q1 and LMPC-F_Q2 (ellipses show the
95% confidence intervals, filled dots on the LDA figure represent the observations used in the cross-
validation). LMPC: liquid milk protein concentrate, T: trypsin, F: fermentation with lactic acid bacteria
in the absence of glucose, FG: fermentation with lactic acid bacteria in the presence of glucose.

An LDA plot was developed for LMPC-T-0.008-F, LMPC-T-0.016-F, LMPC-T-0.032-F,
LMPC-T-0.008-FG, LMPC-T-0.016-FG, LMPC-T-0.032-FG and LMPC-F (Figure 3b). The
LDA plot shows very similar positions of the samples, as observed in Figure 3a. More than
99% of the total variance between groups was found based on root 1. The LDA model
provided 100% correct classification in both the model training and model validation.

In Figure 3c, the PCA loading plots of Figure 3a are presented. The separation patterns
observed in PC1 mostly occurred due to sensor ZZ, followed by sensors JE, BB, CA and
HA. Sensors GA and JB had no significant contribution to PC1. The separation tendency
observed in PC2 was mostly due to sensors BB and HA, followed by sensors JE, GA, CA,
ZB and ZZ.

Similar to before, we aimed to understand the bitterness of samples with reference
to quinine-supplemented model solutions. About 98% of the total variance was obtained
based on PC1 (Figure 4a). The relative position of samples based on PC1 could predom-
inantly classify the samples with their bitterness. According to PC1, the bitterness of
samples was in the following order: LMPC-T-0.032-F > LMPC-T-0.016-F > LMPC-T-0.008-F
and LMPC-T-0.032-FG > LMPC-T-0.016-FG > LMPC-T-0.008-FG. The addition of glucose in
the microbial hydrolysis of proteins reduced the bitterness of the samples. Based on the
PC1 result, LMPC-T-0.008-F > LMPC-T-0.008-FG, LMPC-T-0.016-F > LMPC-T-0.016-FG and
LMPC-T-0.032-F > LMPC-T-0.032-FG.
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An LDA plot was developed with LMPC-T-F, LMPC-T-FG and LMPC-F (Figure 4b).
The sample groups of LMPC-T-F and LMPC-T-FG were very dissimilar to LMPC-F. About
99% of the total variance was obtained based on root 1. The positions of samples were
similar to the results in PC1, as presented in Figure 4a. The LDA model provided 100%
correct classification of all sample groups in both the model training and model validation.
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The PCA loading plots of Figure 4a are presented in Figure 4c. According to PC1,
sensor ZZ provided a significant contribution to the separation, followed by sensors JE,
BB, CA and HA. Sensors GA and JB provided an insignificant contribution in this respect.
According to PC2, sensors HA, GA, BB and JE provided significant contributions to the
separation. Sensors JB, CA and ZZ provided an insignificant contribution to PC2.
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4. Discussion

A protein or peptide becomes bitter if its average hydrophobicity Q > 1.4 kcal·residue−1

and has a molecular weight 100–6000 Da. The low molecular weight of peptides with bitter-
ness and antioxidant capacity due to the presence of hydrophobic amino acids are produced
via the proteolysis of casein and whey proteins by trypsin [5,46,47] and proteolytic systems
of lactic acid bacteria [48–50].

According to our previous publication, peptides with lower molecular weight can be
produced due to sequential tryptic and microbial hydrolysis of proteins in LMPC [33]. An
SDS-PAGE image of different proteins and peptides in LMPC-F, LMPC-T-F and LMPC-T-FG
with their molecular weights is shown in Figure 5.

According to this Figure, LMPC-F may have partially hydrolyzed immunoglobulin,
lactoferrin and bovine serum albumin with molecular weights ~150 kDa, ~80 kDa and
~66 kDa, respectively. A protein aggregate with a molecular weight of 25–35 kDa is shown.
In heat-treated milk, besides the lactosylation of proteins, the sizes of proteins in milk are
altered from their original sizes. When milk is heated to more than 80 ◦C, the tertiary
structure of whey protein unfolds [51]. At a temperature of more than 80 ◦C, the denatu-
ration of α-lactalbumin is faster in the presence of β-lactoglobulin and the denaturation
rate of α-lactalbumin is faster than β-lactoglobulin [52]. Subsequently, unfolded whey
proteins may bind with each other or with casein molecules, especially with κ-casein in
the periphery of casein micelle via covalent, hydrophobic and disulfide bonds [53,54]. It
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was reported that the conjugate of bovine serum albumin and β-lactoglobulin [55] and
dimer of β-lactoglobulin [56] can be formed during milk processing using a UHT. How-
ever, the molecular weight of α-casein is ~25 kDa and its molecular weight is altered
due to conjugation with β-lactoglobulin via a covalent bond and disulfide bond after
heat treatment [54,57]. α-lactalbumin is not able to bind directly with casein because
it does not contain the -SH group. α-lactalbumin may produce a hydrophobic conju-
gate with β-lactoglobulin [53,58]. In the SDS-PAGE image, other protein bands might
be β-casein with a molecular weight of ~24 kDa, κ-casein with a molecular weight of
~19 kDa, β-lactoglobulin with a molecular weight of ~18 kDa and α-lactalbumin with a
molecular weight of ~14 kDa. It is noted that with the increase in the concentration of
trypsin prior to microbial hydrolysis, proteins are hydrolyzed in a dose-dependent manner.
Immunoglobulin (~150 kDa), lactoferrin (~80 kDa), bovine serum albumin (~66 kDa) and
κ-casein (~19 kDa) were almost hydrolyzed in all LMPC-T-F and LMPC-T-FG samples.
Some casein molecules with molecular weights of ~35 kDa, ~32 kDa and ~24 kDa were
retained in LMPC-T-0.008-F and LMPC-T-0.008-FG. Perhaps those were the conjugates of
κ-casein with β-lactoglobulin, dimer β-lactoglobulin and β-casein, respectively. κ-casein
is present in the periphery of casein globule [59]. Therefore, they have the opportunity to
participate in a proteolysis reaction. The conjugate of κ-casein with β-lactoglobulin was
almost hydrolyzed in LMPC-T-0.032-F and LMPC-T-0.032-FG. A protein fragment with
molecular weight ~22 kDa was found in LMPC-T-0.008-F and LMPC-T-0.008-FG. It may
be some peptone and γ-casein produced via the partial hydrolysis of β-casein. They were
almost hydrolyzed at LMPC-T-0.016-F and LMPC-T-0.016-FG. Dimer β-lactoglobulin with
a molecular weight of ~32 kDa was hydrolyzed at LMPC-T-0.016-F and LMPC-T-0.016-FG.
Peptides with low molecular weight were produced with an increase in the concentration
of trypsin. According to the SDS-PAGE image, the addition of glucose in the microbial
hydrolysis of protein did not influence the protein profile of the hydrolysis.
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It was reported that αs1-casein, αs2-casein, β-casein and κ-casein with Q values of
1.17 kcal·residue−1, 1.33 kcal·residue−1, 1.33 kcal·residue−1 and 1.29 kcal·residue−1, re-
spectively, are potential sources of bitter peptides. Hydrophobic amino acids in –C and
–N terminal positions are primarily responsible for the bitterness of peptides [60]. Trypsin
is an endo-protease, which cleaves at the C-terminal side of arginine and lysine amino
acid residues, except arginyl-proline and lysyl-proline. It has been reported that the
peptides GPFPVI, FFVAPFPEVFGK, FALPQYLK [46], RGPPFIV [61], IHPFAQTQSLVYPF-
PGPIPNSLPQNIPPLTQTPVVVPPFLQPEVMGVSK, GPFPIIV and IHPFAQTQSLVYPFPG-
PIPN [62] are produced due to tryptic hydrolysis of casein. A proteolytic system of lactic
acid bacteria consists of cell-membrane and intracellular proteases [63]. The exogenous
proteins or peptides are hydrolyzed by cell-membrane proteases of lactic acid bacteria
because they cannot directly uptake exogenous proteins. Hydrolysis of exogenous proteins
or large molecular-weight peptides to oligopeptides takes place due to cell-membrane
proteinases (PrtP), which are members of the serine family. Three types of cell-membrane
proteases of lactic acid bacteria, namely, PI-type, PI/PII-type and PIII-type, hydrolyze
caseins. PI-type cell-membrane protease hydrolyzes β-casein. PI/PII-type cell-membrane
protease hydrolyzes β-casein and αs1-casein (lesser extent). PIII-type cell-membrane pro-
tease hydrolyzes αs1-casein, β-casein and κ-casein [64]. Oligopeptides, dipeptides and
tripeptides are able to enter the biotic phase via transporter membrane proteins Opp, DtpP
and DtpT [49,65] and they are hydrolyzed by numerous cytoplasmic peptidases, such
as aminopeptidases (PepN, PepC, PepA, PepM, PepP and PepX), endopeptidases (PepE,
PepG, PepF and PepO) and di/tri-peptidases (PepI, PepL, PepQ, PepR, PepD, PepV, and
PepT) [66]. Subsequently, they are converted to nitrogenous metabolites, such as amino
acids, amines, sulfur compounds and carboxylic acids by different sequential metabolic
pathways [67]. The present investigation scheme is almost similar to cheese preparation
and maturation, where rennet or purified chymosin and lactic acid bacteria are applied to
high-fat milk in a sequential way. However, rennet or purified chymosin does not modulate
the bitterness of proteins and peptides, where microbial hydrolysis of coagulated proteins
and peptides may generate peptides with a bitter taste [68]. Bitter peptides produced by
microbial hydrolysis of MPs during cheese maturation are listed by Lemieux and Simard,
1992 [40]. In this investigation, LMPC from skimmed UHT milk (0.1% fat) was hydrolyzed
by trypsin and lactic acid bacteria for 10 min and 6 h, respectively, to avoid curdling
and coagulation. Microbial hydrolysis was performed by non-bitter strains Lactobacillus
delbrueckii subsp. bulgaricus and Streptococcus thermophilus. Non-bitter lactic acid strains
were able to produce pyrrolidone carboxylyl peptidase, which specifically hydrolyses the
peptide bond between pyrrolidone carboxylic acid residue (a bittering agent) and protein
or peptide [69,70]. Therefore, in our investigation, it was found that an increase in the
bitterness in hydrolyzed samples (LMPC-T-F and LMPC-T-FG) was primarily dependent
on the concentration of trypsin. According to our result, bitterness was reduced due to the
addition of 3% (w/v) glucose in microbial hydrolysis of LMPC-T. This can be explained by
the fact that the addition of glucose influences microbial growth, as well as microbial hy-
drolysis of proteins, formation of aroma compounds (amines and sulfur compounds) [71],
carboxylic acids and exopolysaccharides [72,73]. A high microbial cell count due to the
supplementation of glucose might hydrolyze the peptides with a bitter taste and produce
debittering peptides. Furthermore, it may feel that small peptides do not have the particular
conformation that is required to bind with bitter taste receptors (T2Rs) [74]. The conversion
of bittering peptides to debittering peptides by lactic acid bacteria was demonstrated by
other investigators [75,76]. Tryptic hydrolysis of exogenous proteins prior to microbial
hydrolysis produces a lower molecular weight of peptides. Therefore, their transportation
to the biotic phase by cell-wall transporter proteins is facilitated. In the biotic phase, they
are converted to amino acids, aroma compounds and carboxylic acids through a wide
range of metabolic pathways [67,77]. According to Fernandez-Espia and Rul (1999) [78],
aminopeptidase (PepS) from Streptococcus thermophilus shows a high specificity toward
peptides with Arg or aromatic amino acids at the N-terminal position, which are produced
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via tryptic hydrolysis of protein. The investigators believed that PepS may be involved in
producing amino acids from exogenous proteins, and subsequently, these amino acids may
act as precursor molecules of aroma compounds. It was shown that aminopeptidase (APII)
from Lactobacillus delbrueckii subsp. bulgaricus is able to hydrolyze peptides with lysine
at the N-terminal position [79]. Furthermore, high microbial growth may produce higher
amounts of pyrrolidone carboxylyl peptidase. It hydrolyses the peptide bond between
pyrrolidone carboxylic acid residue and peptides, which is a source of bitterness [69].

According to our result, the formation of organic acids (change of pH) was related to
the concentration of trypsin, as well as tryptic hydrolysis of proteins in LMPC; however,
the effect of glucose was insignificant (Figure 6).
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A similar observation was reported by Lorenzen and Meisel (2005) [34]. They reported
that the acidity was lowered when skim MPs were hydrolyzed by trypsin and lactic acid
bacteria compared with microbial hydrolysis without trypsin treatment.

In our previous publication, it was mentioned that antioxidant capacity, measured us-
ing a FRAP assay was increased in LMPC-T-F and LMPC-T-FG compared with LMPC-F [33].
The antioxidant capacity of LMPC-F was 97.05 ± 20.41 mg equivalent ascorbic acid·L−1.
Changes in antioxidant capacity after sequential tryptic and microbial hydrolysis of MPs
are presented in Table 1.

Table 1. Comparison of the antioxidant capacity of LMPC-T-F and LMPC-T-FG. Antioxidant capacity
is expressed in mg equivalent ascorbic acid·L−1. The results are presented as a mean value with stan-
dard deviation (±values). In superscript, dissimilar letters represent a significant difference between
results, as evaluated using Tukey’s post hoc method [33]. LMPC: liquid milk protein concentrate,
T: trypsin, F: fermentation with lactic acid bacteria in the absence of glucose, FG: fermentation with
lactic acid bacteria in the presence of glucose.

Samples Antioxidant Capacity
(mg eqv. Ascorbic Acid·L−1) Samples Antioxidant Capacity

(mg eqv. Ascorbic Acid·L−1)

LMPC-T-0.008-F 122.16 ± 20.25 A LMPC-T-0.008-FG 99.08 ± 18.61 a

LMPC-T-0.016-F 131.75 ± 27.42 A LMPC-T-0.016-FG 108.22 ± 28.76 a

LMPC-T-0.032-F 147.34 ± 26.68 a LMPC-T-0.032-FG 128.31 ± 32.04 a



Chemosensors 2022, 10, 215 13 of 18

Hydrophobic amino acids were noted to contribute to the antioxidant capacity, and
at the same time, provide the bitterness of peptides [62]. Tryptic hydrolysis of MPs pro-
duces peptides with antioxidant capacity. Some examples are as follows: VKEAMAPK
from β-casein, KVLPVPQK from β-casein, AVPYPQR from β-casein, ARHPHPHLSFM
from κ-casein [80], VAGTWY from β-lactoglobulin [81], ELKDLK from α-lactalbumin and
ALPMHIR from β-lactoglobulin [82]. Furthermore, antioxidant peptides produced via
microbial hydrolysis of MPs were identified [83]. It was mentioned that the hydropho-
bic residue in a peptide structure acts as a first binding site and in the presence of the
second site (stimulating site), a bitter taste is detectable [84]. Smaller peptides produced
via sequential proteolysis of proteins in LMPC are potential antioxidants because of the
exposure of more electron-rich regions in proteins and peptides. Therefore, peptides with
a higher charge-to-mass ratio and hydrophobic amino acids, such as alanine, isoleucine,
leucine, methionine, phenylalanine, valine and glycine, and amino acids with imidazole
moiety, such as histidine, exhibit better reducing activity toward Fe3+ and offer antioxidant
capacity [85]. Sabeena Farvin and co-authors reported that the water-soluble protein frac-
tion of yogurt containing peptides with a molecular weight of 3–10 kDa and <3 kDa had
higher radical scavenging activity. The radical scavenging activity was lower for peptides
with molecular weight > 30 kDa and 10–30 kDa in the water-soluble protein fraction of
yogurt [86,87]. According to our results, the antioxidant capacity was somewhat reduced
by the addition of glucose in the microbial hydrolysis process. This could be explained
by the fact that the addition of glucose in LMPC-T induced the growth of microbes, as
well as proteolysis of MPs in LMPC. Our result was similar to other investigators. Tan
et al., 1993 [88] found a direct correlation between antioxidant capacity and bitterness of
peptides. They reported that tryptic hydrolysis of β-casein shows a strong bitter taste,
which corresponded to the strong hydrophobicity of several peptides. Further hydrolysis of
tryptic digestion by aminopeptidase N from Lactococcus lactis subsp. cremoris WG2 resulted
in the reduction of bitterness and hydrophobic peptides in the reaction mixture.

Justification of the Application of the E-Tongue for Evaluating Bitterness

Bitter taste perception is mediated by T2Rs in the human tongue [89], which could
be activated by bitter-tasting di- and tri-peptides [90]. The realization of taste using
taste sensors is accomplished by measuring the change in membrane potential caused
by the electrostatic interaction and physicochemical adsorption between the lipid/polymer
membrane and a taste sample [91]. Positively charged amino groups and negatively
charged carboxyl groups in peptides play a great role in the interaction between peptides
and the lipid–polymer membrane of the E-tongue [92]. They provide a great contribution to
the bitterness sensation. It was reported that, in general, hydrophobicity and bitter intensity
of peptides are directly correlated. Less bitter peptides are usually more hydrophilic and
acidic than bitter peptides [93]. The stronger bitter peptides with hydrophobicity have a
longer contact time with the sensor of the E-tongue [94].

The conventional method for evaluating the bitterness of a food or food ingredients is
a sensory analysis using a human taste panel, which directly measures the intensity of a
taste [95]; however, several disadvantages were reported. To perform a sensory analysis
with a human taste panel, a large quantity of a food sample is required. In most cases, it
can be difficult to prepare food or food ingredients at a large scale in the early stage of
laboratory research. Furthermore, there may be a risk related to chemical or microbial
contamination during production in the laboratory. An experiment with a human sensory
panel can be very time-consuming because members of the panel need to be trained.
As the human palate is easily saturated or fatigued, no more than 3–4 samples can be
analyzed at a time [96]. Alternatively, the application of E-tongue, which mimics the
human sensory response to foods offers several advantages [14]. Considering quinine as
a standard bittering agent, seven different cross-selective sensors, namely, BB, HA, ZZ,
GA CA, JE and JB, were able to provide information about the bitterness of MP-derived
peptides in a judicious way.
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5. Conclusions

Peptides with bitterness were produced due to sequential tryptic and microbial hy-
drolysis of MPs in LMPC. The application of the E-tongue to understand the bitterness
of peptides in a distinct way was demonstrated. The E-tongue results confirmed that
there was a significant difference in the taste between the control sample (LMPC-F) and
the experimental samples (LMPC-T-F and LMPC-T-FG). The bitterness of peptides was
increased with the increase in the concentration of trypsin used for the hydrolysis of MPs.
The bitterness of peptides was reduced when microbial hydrolysis of proteins was per-
formed with glucose compared with the absence of glucose. It might have been that the
hydrolysis of bittering peptides by aminopeptidase produced by high microbial biomass
in glucose supplemented LMPC-T. The reduction in bitterness in glucose-supplemented
LMPC-T might have led to the secretion of a greater amount of pyrrolidone carboxylyl pep-
tidase by the high concentration of microbes. Pyrrolidone carboxylyl peptidase specifically
hydrolyses the peptide bond between pyrrolidone carboxylic acid residue and peptides.
According to the result of SDS-PAGE, the formation of peptides with low molecular weight
was increased with the increase in the concentration of trypsin in sequential hydrolysis
of proteins in LMPC. It was found that antioxidant capacity and bitterness of peptides
were directly correlated with the hydrolysis of proteins in LMPC-T-F and LMPC-T-FG. It
may be the case that peptides with a low molecular weight (high charge-to-mass ratio)
containing hydrophobic amino acids or nucleophiles (high electron donors) are responsible
for creating the bitterness and antioxidant capacity.

Applications of the E-tongue could serve as a rapid method to understand the taste
and flavor of milk and other foods. The perception of bitter taste is dependent on the
individual, which may vary between communities, geographic locations and continents. In
this situation, the results obtained using the E-tongue may be considered the standard to
describe the organoleptic property of foods. It may be believed that the present investigation
will encourage researchers to develop new peptides from food proteins, mitigate the
limitation of consumption of peptides and promote their commercialization.
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