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Abstract
Milk proteins have been extensively studied for their ability to yield a range of bioactive peptides following enzymatic hydro-
lysis/digestion. However, many hurdles still exist regarding the widespread utilization of milk protein-derived bioactive peptides
as health enhancing agents for humans. These mostly arise from the fact that most milk protein-derived bioactive peptides are not
highly potent. In addition, they may be degraded during gastrointestinal digestion and/or have a low intestinal permeability. The
targeted release of bioactive peptides during the enzymatic hydrolysis of milk proteins may allow the generation of particularly
potent bioactive hydrolysates and peptides. Therefore, the development of milk protein hydrolysates capable of improving
human health requires, in the first instance, optimized targeted release of specific bioactive peptides. The targeted hydrolysis
of milk proteins has been aided by a range of in silico tools. These include peptide cutters and predictive modeling linking
bioactivity to peptide structure [i.e., molecular docking, quantitative structure activity relationship (QSAR)], or hydrolysis
parameters [design of experiments (DOE)]. Different targeted enzymatic release strategies employed during the generation of
milk protein hydrolysates are reviewed herein and their limitations are outlined. In addition, specific examples are provided to
demonstrate how in silico tools may help in the identification and discovery of potent milk protein-derived peptides. It is
anticipated that the development of novel strategies employing a range of in silico tools may help in the generation of milk
protein hydrolysates containing potent and bioavailable peptides, which in turn may be used to validate their health promoting
effects in humans.
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Introduction

Milk proteins contain peptide motifs known as bioactive pep-
tides, which can positively impact on a range of health bio-
markers [1]. Bioactive peptides may be released by several
means involving the digestion of food proteins, i.e., by micro-
bial fermentation along with physical, chemical, or enzymatic
breakdown. Enzymatic hydrolysis is one of the most

frequently used approached employed during the generation
of bioactive peptides.

The bioactive properties of intact or hydrolyzed milk pro-
teins have been extensively studied over the past 40 y. In
particular, their mineral binding, opioid, antihypertensive, an-
timicrobial, anti-inflammatory, antidiabetic, and anticancer
properties have been reported [2, 3]. Most of these properties
have been determined using in vitro assays and animal studies.
However, human intervention studies with milk protein hy-
drolysates have also been carried out, most particularly in the
areas of anticarcinogenic, antihypertensive, and antidiabetic
activities [4, 5]. Furthermore, the release of bioactive peptides
during milk protein digestion in humans has also been dem-
onstrated in numerous studies [for reviews, see:6, 7, 8]. Some
of the milk peptides may be bioavailable and reach the circu-
lation of humans, as previously demonstrated [9–11].
Similarly, a recent study has reported on the identification of
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caseinophosphopeptides (CPPs) in human plasma following 7
d intake of 100 g/d parmigiano reggiano cheese [11]. While
bioactive peptides may be released in the gastrointestinal tract
of humans following ingestion of intact milk proteins [12],
increased bioavailability and potency have been used as argu-
ments to justify the need to hydrolyze milk proteins before
their ingestion. However, milk protein hydrolysis does not
always allow achievement of superior bioavailability and po-
tency compared with unhydrolyzed milk proteins. The reason
for this may be linked to the fact that the peptides are not
optimally released during hydrolysis due to food matrix ef-
fects. In addition, the peptides may not be able to survive
gastrointestinal conditions (digestive enzymes, degradation
by the microbiota, pH modifications, etc.). Finally, they may
not be able to cross the intestinal barrier (low bioavailability).
In this context, it has been proposed that specific/targeted
proteolysis of food proteins may allow the release of peptides
that are more likely to be bioactive in vivo [13].

To date, the generation of milk protein hydrolysates has
been based on rather empirical approaches. These approaches,
also termed conventional/classic approaches, have been de-
scribed in different reviews [14–16]. In the empirical ap-
proach, the choice of the starting substrate, enzyme prepara-
tion(s), and hydrolysis parameters is based on previous studies
published in the literature or in-house know-how based on
preliminary studies. The conventional approach, however,
has a number of drawbacks, mainly that it limits the discovery
process, since it provides very little scope for innovation. In
fact the same enzyme preparation(s) and rather similar hydro-
lytic conditions have been used in a range of studies based on
the assumption that parameters that previously yielded bioac-
tive hydrolysates would also allow the generation of bioactive
samples. The main issue with this approach is that justification
for the selection of the initial conditions has not always been
provided in the literature. Furthermore, the hydrolysis param-
eters may not always have been selected solely to optimally
generate bioactive samples. Other parameters, which are not
always considered, such as cost, availability of reagents (i.e.,
enzyme and substrate), and equipment as well as technologi-
cal limitations (e.g., requirement for a certain extent of hydro-
lysis, pH, total solid content, solubility, etc.), may also play a
role in the final choice of hydrolytic reagents and parameters.
In addition, certain hydrolytic conditions may not apply to
every situation as it is well known that interactive effects be-
tween hydrolysis parameters (e.g., hydrolysis temperature,
pH, time, enzyme, and substrate concentration, etc.) can affect
peptide release [17, 18]. For this reason, it may be helpful to
employ a more targeted approach during the generation of
food protein hydrolysates. Targeted approaches help to build
stronger scientific hypotheses to better understand how pro-
tein and enzyme combinations together with various hydroly-
sis parameters may affect peptide release during hydrolysis
[14]. In silico methods are the basis for the targeted enzymatic

release of bioactive peptides [14–16, 19]. In silico methods
have been applied to a wide range of food proteins and, in
several instances, have led to the generation of potent enzy-
matic hydrolysates and in the identification of novel bioactive
peptides.

Several studies have described the utilization of in silico
methodologies for the release of bioactive peptides from a
range of food proteins from animal and plant sources
[20–28]. Recent review articles have discussed how the appli-
cation of in silico methods may help in the discovery of bio-
active peptides originating from a range of dietary proteins
[16, 19, 29]. More specifically, two recent review articles have
described the application of in silico methodologies in the
analysis of milk bioactive peptides [15, 30]. However, the link
between in silico methodologies and improvement in the bio-
active properties of milk protein hydrolysates and in the de-
tection of bioactive peptides has not been specifically ad-
dressed in earlier reviews. Therefore, the aim of this review
was to collate and critique the targeted strategies currently
employed during the generation and identification of bioactive
milk protein hydrolysates. The main in silico tools [i.e., pep-
tide cutters, molecular docking, quantitative structure activity
relationship (QSAR), artificial neural networks (ANN), and
design of experiments (DOEs)] specifically applied to predict
the bioactive properties of milk protein-derived peptides are
outlined. Furthermore, the commercial enzyme preparations
commonly used during the production of milk protein hydro-
lysates are described. Finally, the usefulness of targeted enzy-
matic release in the subsequent identification of bioactive pep-
tides within milk protein hydrolysates is discussed.

Milk protein substrates and commercial
food-grade enzyme preparations used
in the generation ofmilk protein hydrolysates

Bovine milk proteins are the most studied protein substrates
for the generation of bioactive food protein hydrolysates.
However, there is an increased interest in milk proteins from
other species as a source of bioactive peptides. These include
milks originating from mare, goat, camel, buffalo, yak, and
sheep [31–33]. Protein hydrolysates may be prepared using
milk proteins or fractionated milk proteins [e.g., casein (CN)
or whey protein (WP) concentrates and isolates]. Fractionated
milk proteins are obtained using different unit operations in-
volving selective precipitation of proteins and membrane fil-
tration systems such as ultra- and diafiltration [34, 35]. Milk
protein fractions (30%–90% protein) have also been
employed during enzymatic hydrolysis with a view to increase
the yield of specific bioactive peptides. Furthermore, prepara-
tions enriched in individual milk proteins (e.g., individual
CNs or WPs) have been used during the generation of bioac-
tive peptides [36–41].
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Together with the milk protein substrate, selection of the
enzyme preparation plays a key role in determining the pep-
tides released and therefore in the generation of bioactive pep-
tides. Protein hydrolysates intended for human nutrition must
be prepared using food-grade protocols. This therefore re-
stricts the range of enzymes that may be used during the man-
ufacture of food protein hydrolysates. Numerous food-grade
enzyme preparations are available on the market. These prep-
arations originate from mammalian (porcine, bovine, etc.),
microbial (bacterial and fungal), or plant sources [42, 43].
These preparations generally consist of a crude extract and,
as a consequence, they contain several enzyme activities. The
low purity of commercial enzyme preparations has been
linked to the high costs associated with enzyme purification
[44]. In addition, processes involved in extensive purification
steps may require the use of solvents that may not be generally
recognized as safe (GRAS).

Gastrointestinal enzymes (pepsin, trypsin, chymotryp-
sin, and pancreatic elastase) have commonly been
employed for the generation of bioactive peptides.
There are a number of reasons for this. First, several
studies have attempted to understand the release of bio-
active peptides during in vivo digestion of milk proteins
[for reviews, see: 6, 7]. Recently, a correlation between
peptide release from milk proteins during their digestion
in humans and in vitro simulated gastrointestinal diges-
tion has been established [45]. Another reason to use
gastrointestinal enzymes is linked to the assumption that
peptides released by digestive enzymes may be relative-
ly stable during transit in the gastrointestinal tract of
humans. This is a clear rationale to design milk protein
hydrolysates containing peptides that are bioavailable
in vivo. Finally, gastrointestinal digestive enzymes such
as pepsin, trypsin, chymotrypsin, and pancreatic elastase
have been studied for many years. Therefore, their
cleavage specificity is relatively well known, which
can be relevant for studies linking predicted peptide
release to bioactive properties.

The globalization of food production and trade as well as the
development of products for specific diets and food product cer-
tification has led to a move to enzymes that are compliant with
Hallal, Kosher, and vegetarian/vegan status. Enzyme prepara-
tions that are compliant with the above classifications correspond
generally to microbial and plant-derived preparations. Several of
these enzyme preparations have been designed for specific food
applications, e.g., meat, brewery, bakery applications, etc.
However, an enzyme preparation may be used for milk protein
hydrolysis provided that its optimum operating conditions (pH,
temperature, ionic strength, etc.) are compatible with the milk
protein sample being hydrolyzed. The commercial proteinase/
peptidase preparations that have typically been used during the
manufacture of food protein hydrolysates have recently been
summarized in two review papers [46, 47].

The utilization of crude enzyme preparations has a number
of drawbacks. One of these is the lack of characterization of
enzyme activities within the preparations, i.e., lack of knowl-
edge regarding the side activities present within the prepara-
tion. A limited number of studies have attempted to character-
ize the enzyme activities present within commercial food-
grade enzyme preparations. Some enzyme activities that have
been identified in commercial food-grade enzyme prepara-
tions used for the manufacture of milk protein hydrolysates
are summarized in Table 1. As can be seen, besides the main
activity reported to be present in the enzyme preparation, a
wide range of other activities, some of which are not protein-
ases and peptidases, were present. The occurrence of protein-
ase and peptidase side-activities is therefore likely to affect
peptide release during milk protein hydrolysis.

Batch-to-batch variability has also been highlighted within
commercial enzyme preparations. The stability of the enzyme
activities and the batch-to-batch variability of Flavourzyme,
an Aspergillus oryzae-derived enzyme preparation containing
both endo- and exopeptidases, has been studied [52]. Leu
aminopeptidase activity, the main peptidase activity of
Flavourzyme, was similar in the 12 batches of Flavourzyme
tested and this activity was relatively stable over 22 mo stor-
age at 7 °C. However, significant batch-to-batch variability
was observed for the seven other enzyme activities assessed
(various aminopeptidases, dipeptidyl peptidase, proteinase,
and amylase). This was particularly the case for the general
endoproteinase activity as measured by the azocasein assay,
which varied between 9% and 100% between batches. These
differences in activities, and more particularly those of the
endoproteinase activity, were shown to affect the release of
peptides during bovine CN hydrolysis. This resulted in a var-
iation in the degree of hydrolysis (DH) obtained, which
ranged between 55.5% and 64.1% when Flavourzyme was
added on a weight basis, at the same enzyme to substrate ratio
(E:S), in the CN solution during hydrolysis [52]. These mod-
ifications in peptide release may ultimately affect the bioac-
tivity of milk protein hydrolysates.

To date, most enzyme activities within proteolytic prep-
arations have been identified using synthetic substrates.
However, liquid chromatography tandem mass spectrome-
try (LC-MS/MS) may be employed to characterize the
cleavage specificity of enzyme preparations. Peptide se-
quences released from milk proteins can be used to identify
cleavage sites on milk protein sequences [36, 41, 53, 54].
This is particularly relevant when individual milk proteins
are digested with enzyme preparations. For example, the
C-terminal amino acids of peptides released during enzy-
matic hydrolysis of β-lactoglobulin (β-Lg) with a pancre-
atic elastase preparation revealed the presence of enzyme
(i.e., Glu-specific exopeptidase or glutamyl endopepti-
dase-, trypsin-, and chymotrypsin-like) activities other than
pancreatic elastase [36].
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In silico methods to assist in the selection
of milk protein substrates for the generation
of bioactive peptides

Several in silico strategies have been described in the literature
[for reviews, see: 15, 19] for awide range of food proteins. The in
silico methods that have been employed for the targeted release
of milk protein-derived bioactive peptides are summarized in
Fig. 1. Utilization of these approaches requires knowledge of
individual milk protein sequences. The sequences of the major
milk proteins from different mammals (e.g., human, cow, don-
key, pig, sheep, goat, camel, etc.) have been well characterized.
These are publicly available through online repositories such as
the National Center for Biotechnology Information (NCBI, [55])
and UniProt [56].

In silico strategies have been used to investigate the occur-
rence of bioactive peptides within individual milk proteins. This
has consisted of identifying known bioactive peptide sequences
or peptide sequences with known features within milk proteins.
A number of databases of bioactive peptides, comprising milk
protein-derived sequences, exist, e.g., BIOPEP [57, 58] and the
Milk Bioactive Peptide Database (MBPDB) [59, 60]. In silico
searches for bioactive peptides having antimicrobial, antioxidant,
immunomodulatory, angiotensin converting enzyme (ACE) in-
hibitory, and dipeptidyl peptidase IV (DPP-IV) inhibitory activ-
ities within milk proteins have been reported in the literature [20,
23, 61–63]. The frequency of occurrence of bioactive peptide
sequences within individual milk protein molecules (A) may be
determined using Equation 1 [64];

A ¼ a
N

ð1Þ

with a, the number of bioactive peptide sequences found within
the individual protein, and N, the number of amino acid residues
within the protein.

Other means to estimate the potential of individual milk
proteins to act as sources of bioactive peptides have been
proposed, which take into account the bioactive potency of
the peptides within individual proteins [for review, see: 29].
The potential biological activity of a protein, B, may be cal-
culated using Equation 2 [64],

B ¼
∑
i

ai
EC50;i

� �

N
ð2Þ

with ai, number of repetitions of peptide i within the protein
sequence; EC50,i, the half maximal effective concentration of
peptide i, and N, the number of amino acid residues within the
protein.

Other indexes have also been described in the literature.
For instance, a potency score incorporating the half maximal
inhibitory potency of peptides (IC50) and the molecular weight
(MW) of the protein was described [61]. A potency index (PI)
combining the IC50, MWof the protein, and the fact that each
amino acid from the protein can only contribute to a single
peptide was also proposed [63]. The outcomes of the in silico
analysis may vary depending on the model used. For example,

Table 1. Different activities within commercial enzyme preparations employed during the generation of milk protein hydrolysates

Enzyme preparation Source Manufacturer Main enzyme activities Other enzyme activities Reference

Corolase PP porcine AB Enzymes • trypsin
• chymotrypsin
• elastase

• aminopeptidases
• carboxypeptidases
• dipeptidyl peptidases

[48]

PTN 3.0S porcine Novozymes • trypsin
• chymotrypsin

• aminopeptidases
• carboxypeptidases
• dipeptidyl peptidases

[48]

Alcalase Bacillus licheniformis Novozymes • subtilisin A • glutamyl endopeptidase [49]

Corolase LAP Aspergillus sojae AB Enzymes • general aminopeptidase • endoprotease
• esterase
• lipase
• phosphatases
• glycosidases

[50]

Debitrase DBP20 Aspergillus oryzae & Lactococcus lactis Dupont-Danisco • general amino peptidase
• PepX

• endoprotease
• esterase
• phosphatases
• glycosidases

[50]

Flavourzyme Aspergillus oryzae Novozymes • endoprotease • aminopeptidases
• dipeptidyl peptidase
• α-amylase A
• esterase
• phosphatases
• glycosidases

[50, 51]

PepX: post proline amino peptidase
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it was predicted, using the A value approach, that bovine β-
CN would contain the highest abundance of DPP-IV inhibito-
ry peptides [14, 23]. In contrast, calculation of the PI for bo-
vine milk proteins indicated that κ-CN was the milk protein
containing the most potent DPP-IV inhibitory peptide se-
quences [63].

Prediction of peptide release using peptide
cutter programmes

In silico analysis of individual protein sequences for bioactive
peptides do not take into account the fact that these peptides
may or may not be released during enzymatic digestion.
Therefore, methods consisting of predicting the release of bio-
active peptides during the digestion of individual milk pro-
teins have been developed. Peptide cutters have been used to
predict the release of bioactive peptides during in silico diges-
tion of individual milk proteins [13, 37, 65–68]. Peptide cut-
ters represent software used to perform in silico digestion of
proteins based on the cleavage specificity of selected enzyme
activities [14]. Several peptide cutter programs are freely ac-
cessible online [for reviews, see: 15, 19]. Peptide cutters com-
monly employed for in silico digestion of milk proteins can be
found on the ExPASy [69] and BIOPEP [58] (enzyme action
tool) portals. A frequency of occurrence of bioactive peptide
release (AE) has been developed by Minkiewicz et al. [24]
(Equation 3),

AE ¼ d
N

ð3Þ

with AE, the frequency of occurrence of bioactive peptides
predicted to be released in silico following digestion of a pro-
tein by a specific enzyme activity; d, the number of bioactive
peptide sequences released following in silico digestion of a
protein, and N, the number of amino acid residues within the
protein.

Peptide cutters are useful in predicting the structure of pep-
tides that may be released during enzymatic digestion of milk
proteins. However, several limitations exist. Most peptide

cutters appear to only take into account the main cleavage sites
of enzymes. Nevertheless, most enzyme activities are able to
cleave additional peptide bonds. For example, pepsin has been
reported to specifically cleave at the C-terminus of Phe, Tyr,
Trp, and Leu residues [69]; however, cleavages may also be
observed post Ala, Asp, and Glu residues [70]. Even though
these sites are not preferentially cleaved, this may affect bio-
active peptide release. In addition, peptide cutter cleavage
rules are based on incorrect assumptions regarding protein
structure. Owing to disulphide bonds, several food proteins,
including milk proteins, are present as globular structures in
their native form and they can form aggregates during pro-
cessing, notably following pH and temperature modifications
[for review, see: 29]. As a consequence, protein aggregation
can affect peptide release during enzymatic digestion [71].
The other assumption of peptide cutters is that all potentially
scissible peptide bonds have the same probability to be
cleaved during in silico digestion, leading to complete diges-
tion of the protein. However, it is well known that peptide
bond selectivity may be affected by various parameters such
as pH, total solid concentration, temperature, etc. [43, 53, 54].
In addition, it has been demonstrated that the kinetics of pep-
tide bond cleavage during bovine WP hydrolysis with a puri-
fied Bacillus licheniformis protease differed depending on the
cleavage site [72]. Of the peptide bonds expected to be
cleaved (i.e., at the C-terminal side of Glu and Asp residues),
some bonds were hydrolyzed following first order kinetics,
whereas others followed a demasking kinetic model (i.e., they
could only be hydrolyzed following prior hydrolysis of other
peptide bonds) and, furthermore, some peptide bonds were
not hydrolyzed (i.e., missed cleavage).

Another limitation of in silico digestion of food proteins
lies in the fact that peptide cutter software assumes a binary
system consisting of a single protein substrate and single en-
zyme activity, whereas during in vitro digestion of food pro-
teins, the protein substrate is never pure and therefore contains
a mixture of proteins together with other components (e.g.,
carbohydrates, lipids, salts, etc.). The same situation is found
for enzyme preparations, which generally contain several en-
zyme activities (Table 1). It is possible with certain peptide
cutters to conduct protein hydrolysis using sequential

Fig. 1 Summary of in silico
strategies employed to study the
release of bioactive peptides from
milk proteins. ANN: artificial
neural network; DOE: design of
experiments; RSM: response
surface methodology; QSAR:
quantitative structure activity
relationship
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digestion with several enzyme activities. Nevertheless, pep-
tide cutters are not able to predict the release of peptides when
several enzyme activities and proteins are concomitantly pres-
ent. Finally, the range of availability of enzyme activities,
which are relevant for food applications, are limited in peptide
cutters. Peptide cutters only account for pepsin, trypsin, chy-
motrypsin, pancreatic elastase, thermolysin, glutamyl endo-
peptidase, and prolyl endopeptidase activities. However, com-
mercial food-grade enzyme preparations contain a wide range
of other activities (Table 1) that are not accessible through
conventional peptide cutters. Owing to all these limitations,
the predicted in silico digestion of proteins has been difficult
to replicate in vitro.

The wider application of MS and the increased accuracy of
MS analyzers have allowed identification of a wide range of
bioactive peptides within food protein hydrolysates [73, 74].
Peptide identification within milk protein hydrolysates gener-
ated following targeted enzymatic release has been mainly
achieved using LC-MS/MS analysis [75]. Milk protein hydro-
lysates are composed of complex mixtures of peptides as they
can typically contain hundreds to thousands of different con-
stituents. The precise identification of peptides within milk
protein hydrolysates can therefore be a challenging and
time-consuming task. The information generated during in
silico prediction may be incorporated in a so-called Binclude
list^, which comprises the m/z of the predicted peptide se-
quences. The targeted release of bioactive peptides may there-
fore be used as a means to enhance peptide identification
within complex milk protein hydrolysates. However, in stud-
ies conducted with milk proteins, large differences between
peptides predicted to be released and actual peptide release, as
determined by LC-MS/MS, have been reported (Table 2). For
example, during hydrolysis of bovine β-CN [76] and α-CN
[38] with glutamyl endopeptidase, it was observed that 70%
and 57%, respectively, of the peptide bonds predicted to be
cleaved (C-terminal side of Glu and Asp residues) were actu-
ally hydrolyzed. Similarly, there was a relatively low match,
i.e., 30% and 50%, between the in silico prediction and actual
peptide release following hydrolysis of bovine β-CN [77] and
α-CN [78], respectively, with Brewer’s Clarex (DSM,
Heerlen, The Netherlands), an Aspergillus niger-derived
prolyl endoproteinase. In another in silico study conducted
on the generation of bioactive peptides during bovine α-
lactalbumin (α-La) hydrolysis with pancreatic elastase, 60%
of the peptides predicted to be released were detected by LC-
MS/MS [75]. In the case of the digestion of bovine β-Lg with
pancreatic elastase, only 2.5% of the peptides predicted to be
released were actually identified by LC-MS/MS [36]. This
was attributed to the globular structure of bovine β-Lg and
to the reduced accessibility of certain peptide bonds within the
protein. However, other studies have reported the release of
target peptides from milk proteins based on peptide cutter
predictions. This was the case for Ile-Lys-His-Gln-Gly-Leu-

Pro-Gln-Glu [caseicin A, αs1-CN (f6-17)], an antimicrobial
peptide from bovine milk, for which precursor peptides were
predicted to be released by the action of thermolysin [80].
Caseicin A could be identified by LC-MS/MS in a sodium
caseinate hydrolysate generated with Thermoase PC10F
(Amano Enzymes, Nagoya, Japan), a commercial enzyme
preparation containing thermolysin, at an E:S of 0.5% (w/v)
when incubated at 37 °C for 6 h.

Most studies describing the link between in silico and
in vitro hydrolysis have been conductedwith intactmilk pro-
teins as starting substrates. There are a limited number of
studies that have also analyzed the predicted and actual
cleavage of milk protein-derived peptides as starting sub-
strates. Such studies are interesting as milk protein hydroly-
sates are made of peptides that are prone to further degrada-
tion during the hydrolytic reaction. Five synthetic peptides,
which were predicted to be released in silico following di-
gestion of bovine β-CN by glutamyl endopeptidase (Fig.
2A),were incubatedwith this enzyme [76]. Itwas shown that
certain peptide bonds that were predicted to be cleavedwith-
in the selected β-CN-derived peptides remained intact fol-
lowing incubation with glutamyl endopeptidase. This was
the case for the Glu-Glu bond of β-CN (f16-26) and the
Glu-Met bondofβ-CN (f105-119),whichwere not observed
to be cleaved. Interestingly, the cleavage of β-CN (f16-26)
was not affected by phosphorylation of the three Ser residues
present within this peptide. The peptide bond Glu(117)-
Pro(118) was hydrolyzed in β-CN (f115-125) (Fig. 2A), in
contrastwithβ-CN,where no cleavagewas observed for this
bond, suggesting that accessibility of peptide bonds
depended on peptide sequence up- and downstream. A sim-
ilar study was conducted with bovine CN-derived peptides
incubated with DPP-IV (Fig. 2B) at two different E:S, i.e., 1
and 10 U: 1 g peptide [83]. As expected, peptide bonds were
cleaved to a lower extent at the lowest E:S. All peptide bonds
predicted to be cleaved byDPP-IVwere actually hydrolyzed
in vitro when the highest E:S was used. In peptides
possessing two possible cleavage sites (i.e., Leu-Pro-Tyr-
Pro-Tyr and Leu-Pro-Leu-Pro-Leu), peptide bonds located
closer to the N-terminus of the peptide were cleaved to a
greater extent. This was due to the fact that DPP-IV is an
aminopeptidase and, therefore, cleavage of the second pep-
tide bond will be required to allow further digestion of the
product released (i.e., Tyr-Pro-Tyr andLeu-Pro-Leu, respec-
tively). The requirement for this sequence of events was ev-
idenced by the fact that at the lowest E:S the cleavable pep-
tide bond located furthest from theN-terminus of the peptide
did not appear to be hydrolyzed. This study also demonstrat-
ed the importance of enzyme dosage to hydrolysis of peptide
bonds. Therefore, adequate enzyme dosages need to be de-
termined in order to increase the agreement in the match
between predicted in silico and actual in vitro release of
peptides.
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Several studies have revealed nonspecific (or aspecific)
cleavage of milk proteins during enzymatic hydrolysis [36,
38, 76, 78, 84]. For example, during bovine β-CN hydrolysis
with glutamyl endopeptidase, cleavage occurred at the C-
terminal side of Thr(128) and Leu(192) residues [76]. In this
study, the role of temperature on peptide bond cleavage was
also evaluated. Differences in peptide bond cleavage were
observed when hydrolysis was conducted at 37 °C and 50
°C. Cleavage of the Glu(20)-Glu(21) peptide bond was ob-
served at 37 °C and not at 50 °C, whereas for the Glu(36)-
Glu(37) bond, cleavage occurred at 50 °C but not at 37 °C.
Similarly, cleavage of Asp(43)-Glu(44) and Asp(129)-
Val(130) only occurred at 37 °C and 50 °C, respectively.
Similarly, aspecific cleavages of bovine α-CN following in-
cubation with glutamyl endopeptidase were reported, which
differed at 37 °C and 50 °C [38]. Nonspecific cleavage of
bovine β-CN with Brewer’s Clarex was also reported. For
instance, two peptides which were not predicted to be re-
leased, Lys-Val-Leu-Pro [β-CN (f169-172)] and Arg-Asp-
Met-Pro [β-CN (f183-186)], were detected in the hydrolysate
[77]. These peptides, however, were not very potent inhibitors
of ACE as both displayed IC50 values >1000 μM. Atypical
cleavage at the C-terminal side of Glu and Lys residues was
also shown during the digestion of bovine β-Lg with pancre-
atic elastase, which has been reported to cleave at the C-

terminal side of Ala, Ile, Leu, Val, Ser, Tyr, Thr [36]. This
atypical cleavage was attributed to possible side activities
(i.e., trypsin- and glutamyl endo/exopeptidase-like) within
the elastase preparation used in the study. Similarly, the for-
mation of aspecific peptides has been demonstrated during
hydrolysis of bovine WPs with a purified B. licheniformis
protease [84]. It was demonstrated using synthetic peptides,
matching the sequences of bovine β-Lg (f56-62), (f75-85),
(f135-157), and (f138-157), which were incubated at 40 °C,
pH 8.0 up to 3 or 18 h in the absence of the purified
B. licheniformis protease, that some of these aspecific peptides
were formed as a result of a spontaneous hydrolysis. The
extent of cleavage of these aspecific peptides was increased
in the presence of purified B. licheniformis protease. This
suggested that some Bunstable^ peptide bonds were prone to
enzyme-mediated hydrolysis, even though they should not
have been cleaved based on the enzyme specificity.

Virtual screening of peptides using molecular
docking

In silico tools have also been used to carry out virtual screen-
ing of peptides. Virtual screening of peptides derived from
milk proteins has typically been carried out with molecular

Table 2. Examples of in silico and in vitro confirmatory studies conducted on bioactive milk proteins and milk protein hydrolysates

Protein substrate Enzyme Bioactivity In silico prediction %
Match

IC50 (mg
mL-1)

Reference

Bovine whey SGID (pepsin, trypsin and
chymotrypsin)

ACE
inhibition

whey > pea nd 0.05 vs.
0.08

[61]

Bovine β-CN glutamyl endopeptidase nd release of C-terminal Glu and Asp peptides 70 nd [76]

Bovine α-CN glutamyl endopeptidase nd release of C-terminal Glu and Asp peptides 57 nd [38]

Bovine β-CN Brewer’s ClarexTM ACE
inhibition

release of C-terminal Pro peptides 30 0.16 [77]

Bovine α-CN Brewer’s ClarexTM ACE
inhibition

release of C-terminal Pro peptides 50 0.03 [78]

Bovine whey SGID (pepsin, trypsin and
chymotrypsin)

DPP-IV
inhibition

β-Lg > α-La nd 0.74 vs.
1.70

[79]

Bovine sodium
caseinate

thermolysin antimicrobial release of caseicin A precursors nd nd [80]

CN trypsin DPP-IV
inhibition

caprine > bovine nd 0.49 vs.
0.56

[81]

Bovine α-La porcine pancreatic elastase DPP-IV
inhibition

release of known DPP-IV inhibitory peptides 60 1.20 [75]

Bovine β-Lg porcine pancreatic elastase DPP-IV
inhibition

release of known DPP-IV inhibitory peptides 2.5 1.02 [36]

Milk proteins porcine trypsin DPP-IV
inhibition

camel > bovine nd 0.68 vs.
0.85

[82]

Bovine α-CN and
β-Lg

thermolysin and bromelain DPP-IV
inhibition

hydrolysates containing high amounts of
Xaa-Pro and Xaa-Ala

nd nd [22]

Percentage match between peptides predicted to be released in silico and actually released in vitro

α-La: α-lactalbumin; β-Lg: β-Lactoglobulin; ACE: angiotensin converting enzyme; CN: casein; DPP-IV: dipeptidyl peptidase IV; nd: not determined;
SGID: simulated gastrointestinal digestion; Xaa: amino acid

IC50: half maximal inhibitory concentration
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docking approaches. Molecular docking is suitable for the
analysis of bioactive properties, for example involving peptide
binding to receptors or active sites of enzymes [85]. For this
reason, molecular docking has mostly been employed to pre-
dict the potential of milk protein-derived peptides to bind to
different metabolic enzymes such as ACE, DPP-IV, and xan-
thine oxidase (XO). To date, molecular docking has been ap-
plied to large sets of peptides regardless of the peptide origin
[86, 87]. However, a limited number of studies are available
where molecular docking has solely focused on milk protein-
derived peptides for their opioid agonistic as well as their
ACE, DPP-IV, and XO inhibitory potential [88–91].
Molecular docking has been used to determine specific inter-
actions (i.e., hydrogen bonding, electrostatic and hydropho-
bic) involved in the binding at the active site of specific bio-
active milk protein-derived peptides having opioid agonistic
[91], ACE [86, 89], xanthine oxidase [88], and DPP-IV [88,
90] inhibitory activities. Molecular docking allows the study
of large numbers of peptides. Nevertheless, molecular
docking needs to be applied with caution. One of the assump-
tions of molecular docking of enzyme inhibitory/receptor
binding peptides implies peptide binding at the active site of
enzymes/receptors. However, several peptides are able to bind
to enzymes and receptors outside the active site. Such pep-
tides, for example, can act through a noncompetitive mode of
inhibition of enzymes. It has been shown that the bioactivity
of noncompetitive inhibitory milk protein-derived peptides of

DPP-IV and XO could not be predicted using molecular
docking approaches [88, 90]. Furthermore, limitations of mo-
lecular docking also exist for competitive peptides. This is
particularly the case for peptides that act through substrate-
type inhibition mechanisms, i.e., peptides that can be degrad-
ed by the enzyme [83]. The possibilities for peptide instability
are generally not taken into account during molecular
docking, which represents further limitations for its wide-
spread use as a predictive tool.

QSAR modeling and ANN approaches applied
to the study of milk bioactive peptides

QSAR models have been developed for a wide range of bio-
active properties such as antioxidant, antimicrobial, ACE, re-
nin, and DPP-IV inhibition [92]. Similar to molecular
docking, most of the QSAR models have been employed for
large peptide datasets (regardless of peptide origin), or these
models have targeted peptides originating from protein sub-
strates other than milk [93–96]. The application of QSAR to
milk peptides has been described in a number of publications.
More specifically, QSAR models were developed to predict
the ACE [97] or DPP-IV [98] inhibitory activity of milk pep-
tides. A QSAR model was developed with 36 milk protein-
derived peptides by Pripp et al. [97]. The role of the last two
C-terminal residues in peptides ≤6 amino acids on ACE

Fig. 2 Hydrolysis of peptides
corresponding to specific
sequences from (A) bovine β-
casein (CN) by glutamyl endo-
peptidase (incubation at 37 °C for
2 h [76]), and (B) specific syn-
thetic CN-derived peptides by
dipeptidyl peptidase IV (DPP-IV,
incubation at 37 °C for 18 h
[83]). Full arrow peptide bond
predicted to be cleaved and ob-
served to be cleaved; broken ar-
row: peptide bond predicted to be
cleaved but not observed to be
cleaved
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inhibition was demonstrated. The hydrophobicity of the C-
terminal amino acid (C1) as well as the positive charge and
molecular volume of the next to the C-terminal amino acid
(C2) were positively correlated with high ACE inhibition. In
this study, however, no obvious correlation was found be-
tween amino acids present at the N terminal side of peptides
and their ACE inhibitory potency.

The combination of several in silico strategies has been
employed for the identification of milk peptides with potential
to act as ACE inhibitory peptides. Indexes determined with in
silico models (e.g., AE) solely rely on the availability of data
of the peptide’s potency (i.e., IC50 values and EC50 values),
which may be accessed from the literature or in-house by the
experimenter. Because peptide potencies are not always avail-
able for particular sequences, Pripp [13] proposed prediction
of the potency of peptides using QSAR models. This strategy
was applied to bovine milk proteins to predict ACE IC50

values of individual peptides. Peptides from the major bovine
milk proteins (i.e., αs1-, αs2- β-, κ-CN, β-Lg, and α-La) were
independently digested 20 times in silico in order to release
peptides possessing one of each of the 20 amino acid residues
at the C-terminal side. The peptides released were then sub-
jected to sequential in silico digestion with pepsin, trypsin,
and chymotrypsin. Predicted IC50 values for (a) all peptides
or (b) di- and tripeptides released in silico in the peptide mix-
ture were then calculated. Di- and tripeptides were selected
because they are more likely to be bioavailable than larger
peptide sequences. For each of the six individual major milk
proteins studied, the predicted ACE IC50 value of the peptide
mixture was based on the QSAR predicted IC50 of each pep-
tide [13]. This analysis allowed the finding that hydrolysis at
the C-terminal side of Ile and Pro residues prior to gastroin-
testinal digestion should allow production of particularly po-
tent ACE inhibitory samples.

3D-QSAR models with high correlation coefficients (R2 >
0.9) have been specifically developed for milk protein derived
di- and tripeptides with ACE inhibitory properties [89]. A
combination of several in silico tools comprising 3-D
QSAR, molecular docking, and in silico digestion of milk
proteins by peptide cutter, was described. This study predicted
that selected dipeptides originating from milk proteins would
be good candidates for future human studies due to their high
ACE inhibitory potency. One of these peptides, Lys-Pro, was
predicted to have a relatively low ACE IC50 of 11 μM.

The utilization of QSAR combined with knowledge of the
cleavage specificity of enzymes has been described to gener-
ate a particularly potent ACE inhibitory bovine β-CN hydro-
lysate. Peptides containing C-terminal Pro residues have been
associated with high levels of ACE inhibition. Therefore,
Pripp [13] proposed that hydrolysis of milk proteins with a
prolyl endoproteinase activity would enhance the generation
of ACE inhibitory peptides. Thus, the release of peptides with
a C-terminal Pro during the generation of food protein

hydrolysates may lead to samples with high ACE inhibitory
properties. Based on this assumption, bovine β-CN, a sub-
strate rich in Pro residues, was hydrolyzed with Brewer’s
Clarex, an A. niger prolyl endoprotease preparation [77]. A
hydrolysate displaying a particularly low ACE IC50 value of
16.4 μg mL-1 was obtained after 24 h incubation at 55 °C, pH
6.0. Of the peptides identified within the hydrolysate and test-
ed for their ACE inhibitory properties, the most potent was
Leu-Pro-Pro, which had previously been reported to have an
IC50 value of 9.6 μM [99]. The most potent novel ACE inhib-
itory peptide identified within the β-CN hydrolysate was Phe-
Leu-Gln-Pro, having an IC50 value of 68.7 μM [77].

Similar to QSAR, a software such as PeptideRanker [100],
which is based on an ANN approach, has also been employed
as a selection tool to predict the bioactivity of milk protein-
derived peptides [101, 102]. PeptideRanker predicts the prob-
ability of a peptide to be bioactive based on its structure. A
few studies have employed this software to predict the bioac-
tive properties of milk protein-derived peptides. However, on-
ly a limited number of studies have conducted confirmatory
studies with synthetic peptides. For example, the identification
of antioxidant and ACE inhibitory peptides within donkey
milk was conducted using PeptideRanker and synthetic pep-
tides [101].

Optimization of bioactive peptide release
from milk proteins using DOE and response
surface methodology (RSM)

Due to the compositional complexity of milk proteins and the
enzyme preparations used for their hydrolysis, limitations ex-
ist to accurately predict peptide release during enzymatic hy-
drolysis. Therefore, other predictive tools that do not require
detailed knowledge of the substrate composition and enzyme
activities present in the enzyme preparations may be
employed [16]. DOEs followed by RSM allow characteriza-
tion of hydrolysates at a macromolecular level as they take
into account the whole hydrolysate for, e.g., the optimization
of hydrolysate generation. Optimization through DOE and
RSM are classified as in silico methods as they utilize specific
software to carry out the modeling of experimental data and
the prediction of optimum hydrolysis parameters.

Components that are generally incorporated into the DOE
include hydrolysis parameters such as protein substrate, en-
zyme preparation, concentration of reactants, pH, ionic
strength, temperature, time, etc. Selected parameters that
may impact on the release of bioactive peptides are studied
and their limits are determined generally as a function of the
optimal operating conditions for the enzyme preparation (pH,
temperature, E:S, cofactors, etc.) and industrially relevant con-
ditions (i.e., reagents, substrate concentration, etc.). When the
parameters are selected and the boundaries of the
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experimental domain (low and high limits for each parameter)
are chosen, a DOE may be employed to study concomitant
variation of all parameters (Fig. 3). A mathematical model
consisting of a multilinear regression (MLR) is usually gener-
ated to link the experimentally determined biological activity
of hydrolysates to hydrolysis conditions. Optimum hydrolysis
parameters are subsequently determined mathematically by
minimising or maximising the MLR model. A confirmatory
step consists in the generation of the hydrolysate(s) using the
optimum parameters and assessment of the biological activity
of the resultant sample(s) in order to validate the MLR model
(Fig. 3).

One of the first DOE to be used during the optimum gen-
eration of food protein hydrolysates was applied to the release
of ACE inhibitory peptides following bovine WP hydrolysis
with a porcine gastrointestinal preparation, Corolase PP (AB
Enzymes, Darmstadt, Germany) [18]. Five parameters, i.e.,
pretreatment temperature of the protein suspension, E:S, pH,
temperature, and hydrolysis time were included in the DOE.
The optimum conditions for the generation of a potent ACE
inhibitory hydrolysate were determined to be 45 °C (pretreat-
ment temperature), pH 8.0, E:S 2.19% (w/w) for durations
between 1.0 to 5.5 h. These conditions yielded the generation

of relatively potent WP hydrolysates with ACE IC50 values
ranging from 0.148 (5 h) to 0.202 mg mL-1 (1 h).

DOE approaches have since been applied for the optimiza-
tion of milk protein hydrolysates with a wide range of bioac-
tive properties. These include antioxidant [17, 103–105], re-
duced antigenicity [106, 107], ACE inhibitory [18, 104,
108–114], and DPP-IV inhibitory [82, 103, 115, 116] proper-
ties. Generally, a good correlation has been found between the
predicted and experimentally determined bioactive properties
of milk protein hydrolysates. This was illustrated for the DPP-
IV inhibitory potency of tryptic bovine milk protein isolate
(MPI) hydrolysates [116] and camel milk protein hydrolysates
[82], where R2 values of 0.93 and 0.98, respectively, were
found between predicted and experimental DPP-IV IC50

values (Fig. 4).
In most studies, the optimization of bioactive peptide re-

lease yielded the generation of relatively potent bioactive milk
protein hydrolysates. In addition, the predicted potency of the
optimum hydrolysate (H16 in Fig. 4A) was generally of the
same order as the experimentally determined value. In other
cases, the MLR model slightly underestimated the IC50 value
of the optimum hydrolysate (Fig. 4B). This has been explained

Fig. 3 General workflow for the elucidation of optimum hydrolysis
parameters during the generation of bioactive milk protein hydrolysates
using design of experiments (DOE) and response surface methodology
(RSM) approaches (adapted from van der Ven et al. [18], Contreras et al.
[17], and Nongonierma et al. [103])

Fig. 4 Correlation between the experimental and predicted dipeptidyl
peptidase IV (DPP-IV) half maximal inhibitory concentration (IC50) val-
ue from tryptic (A) bovine [116] and (B) camel milk protein hydrolysates
[82]. Values were obtained using the same design of experiments (DOE).
H16 corresponds to the predicted optimized sample
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by limiting parameters (substrate availability, enzyme autolysis
and retro-inhibition by peptides, etc.), which may have
pertained during the enzymatic hydrolysis reactions [116].

Optimization of the yield of specific peptides has been
conducted during milk protein hydrolysis using DOE and
RSM approaches. The optimum release of His-Leu-Pro-Leu-
Pro (β-CN (f134-138), an ACE inhibitory peptide, was stud-
ied using a DOE [114]. Bovine sodium caseinate was hydro-
lyzed, using three parameters, concentration of Corolase PP,
concentration of Peptidase 433P (Biocatalysts, Cardiff, UK),
and hydrolysis duration. The optimum release of His-Leu-
Pro-Leu-Pro was obtained after 24 h hydrolysis with a 6%
(w/w) E:S of Corolase PP and without Peptidase 433P.

Peptide identification following targeted
release of bioactive peptides

During LC-MS/MS identification of peptides within milk pro-
tein hydrolysates, sequences originating from major milk pro-
teins are generally taken into account. This is done on the basis
that peptides must be present in sufficiently high concentra-
tions to display a bioactive effect. However, minor milk pro-
teins may contain relatively potent peptides, which are likely
to play an important role in the overall bioactive properties of
milk protein hydrolysates. In addition, various genetic variants
or post-translational modifications (PTM) induced as a result
of milk processing may be found within the starting sub-
strates. It was demonstrated using LC-MS/MS that β-
casomorphin 7, an opioid peptide, was released in larger
amounts from β-CN variant A1 than from β-CN variants
A2 and I following simulated gastrointestinal digestion
[117]. Variations in the protein sequence need to be sufficient-
ly characterized to determine the composition of starting milk
substrates. Various LC-MS/MS-based approaches that have
been used to determine PTM and genetic polymorphism have
been reviewed [118, 119]. Most approaches are based on a
pro te in f rac t iona t ion (sod ium dodecy l su l fa t e -
polyacrylamide gel electrophoresis (SDS-PAGE), reverse-
phase high performance liquid chromatography (RP-HPLC),
ion exchange chromatography (IEC), or immobilized metal
ion affinity chromatography (IMAC)) followed by specific
digestion with an enzyme presenting a known cleavage spec-
ificity (e.g., L-1-tosylamide-2-phenylethyl chloromethyl ke-
tone (TPCK)-treated trypsin) and peptide mapping, which is
used to assign sequences to known proteins. For example,
shot-gun proteomic approaches combining SDS-PAGE and
LC-MS/MS may be employed to determine the protein com-
position of the milk protein substrate [118, 119]. The exact
composition of the protein substrate may be employed to build
an Bin-house^ database that can be used to confirm peptide
identification within specific hydrolysate samples. In addition,
there is a requirement to take into account the secondary and

tertiary structure of proteins in LC-MS/MS peptide identifica-
tion strategies. To date, most protein databases rely solely on
the primary structure of food proteins. Peptides identified by
LC-MS/MS are generally mapped to the primary structure of
proteins to validate their belonging to individual milk pro-
teins. Therefore, peptides released from regions of the protein
where disulphide bridges occur are less likely to be identified
as these particular sequences do not show in the primary struc-
ture of the protein. In addition, the resultant peptide fragmen-
tation may be difficult to interpret due to the high noise/signal
ratio and the presence of multicharged ions [119]. It is there-
fore likely that some peptides originating from cross-linked
regions of milk proteins, which may be bioactive, are not
taken into account for further studies. There is a need to build
protein databases or software that can assign peptides to pro-
tein regions where cross-linkages occur.

Food protein hydrolysates generally contain very large
numbers of peptide sequences and free amino acids. For this
reason, enrichment and/or fractionation protocols are often
applied to milk protein hydrolysates [for reviews, see: 3, 30,
120]. While the compositional complexity is generally de-
creased following fractionation, other challenges exist. It is
common to obtain several bioactive fractions, due to the fact
that active peptides may partition between different fractions.
Therefore, instead of simplifying the system, researchers are
faced with a larger number of samples for analysis in an effort
to try to understand the origin of the bioactivity. Alternatively,
it is possible to re-fractionate the hydrolysates or selected frac-
tions using other fractionation protocols. In addition, overall
peptide recovery during fractionation is never 100%, implying
that losses/degradation of peptides may occur during the frac-
tionation steps. Furthermore, losses of activity may occur dur-
ing fractionation due to possible synergistic peptide effects in
the hydrolysates [121]. As a consequence, part of the infor-
mation on hydrolysate composition may be lost during
fractionation.

Targeted hydrolysis strategies may have some benefits over
conventional approaches. For instance, the predictive nature
of several in silico tools (i.e., peptide cutters, molecular
docking, and QSAR modeling) may allow assessment of the
exact structure of those peptide sequences that are predicted to
be released and/or bioactive. Therefore, a first step for peptide
identification is to carry out a mining exercise whereby pre-
dicted peptide sequences are specifically searched for within
milk protein hydrolysates [38, 75–78, 82, 84].

Preliminary knowledge of peptide sequence may help to
improve analysis of hydrolysates during MS detection.
Multiple reaction monitoring (MRM) may be applied to im-
prove fragmentation of selected peptides and increase the like-
lihood to detect these peptides if they are present within milk
protein hydrolysates. The identification of di- and tripeptides
containing branched-chain amino acid (BCAA) within WP
hydrolysates was carried out using MRM [122, 123]. In
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addition, knowledge of the target sequences may be used to
specifically determine parameters such as optimum collision
energy and transfer time to improve their detection during LC-
MS/MS [9, 122, 123]. Synthetic peptides may also be
employed to spike samples and confirm their presence based
on their specific retention times during LC separation and their
fragmentation spectra following MS [122].

In silico predictive tools have been described for specific
analysis of short peptides (2–4 amino acids) within milk pro-
tein hydrolysates. It has been suggested that short peptides
have a potential to be bioavailable. The identification of short
peptides within complex mixtures is challenging due to their
lack of structural diversity (i.e., isobaric peptides and low
amount of information in their fragmentation spectra) and
the fact that they can over- or underfragment during MS anal-
ysis [122, 124]. However, the use of multi-stage methodolo-
gies, combining information such as accurate mass, peptide
occurrence within target proteins, retention time, and frag-
mentation spectra can help in the identification of short pep-
tide sequences within food protein hydrolysates [for review,
see: 29]. Short peptides may be separated using hydrophilic
interaction liquid chromatography (HILIC) columns, which
may be more suitable for their chromatographic separation.
Front end separation with HILIC columns has been employed
to develop retention time prediction models [125, 126]. In
order to improve short peptide separation and gain more con-
fidence in their subsequent identification, analysis with differ-
ent LC matrices has been used prior to MS detection [126].
For instance, LC separation with two different columns, e.g.,
HILIC and RP [127], has allowed identification of short pep-
tide sequences within fractions of WP hydrolysates.
Interestingly, some of these peptides (i.e., Ile-Pro-Ile, Ile-
Pro-Ala, Val-Leu, and Trp-Leu), were shown to possess par-
ticularly potent DPP-IV inhibitory properties (IC50 < 100 μM)
in vitro.

The information obtained during QSAR outcomes also
plays an important role in assisting the identification of novel
bioactive peptides. QSAR models can be used to predict the
potency of peptides. This strategy has been applied to assist in
the identification of novel ACE inhibitory peptides within
water soluble extracts (WSE) from Idiazabal cheese [128]. A
total of 273 peptides were identified in the WSE from the
cheese. Their ACE inhibitory activity was predicted with a
QSAR model. The predicted ACE IC50 values of selected
peptides were then compared with the experimental values
determined in vitro. This study allowed peptide identification
without further fractionation of the cheese WSE. Novel milk
protein-derived peptides (10) with ACE inhibitory properties
were identified within the WSE of Idiazabal cheese. Within
these peptides, Gln-Asn-Ala-Leu-Ile-Val-Arg-Tyr-Thr-Arg
[bovine serum albumin (BSA) f(403-412)] was the most po-
tent ACE inhibitory peptide with an IC50 value of 4.6 μM
[128]. Taking a similar approach, peptides identified within

tryptic camel milk protein hydrolysates were analyzed based
on the features of known DPP-IV inhibitory peptides and their
QSAR predicted DPP-IV IC50 value. This allowed the discov-
ery of nine novel DPP-IV inhibitory peptides derived from
camel milk proteins. Two of these peptides, Leu-Pro-Val-Pro
[β-CN (f172-175)] and Met-Pro-Val-Gln-Ala [β-CN (f186-
190)], displayed a particularly low DPP-IV IC50 values
(<100 μM) and were competitive inhibitors of DPP-IV
[129]. Other examples of the application of QSAR to large
milk protein-derived peptide datasets are found in the litera-
ture. The DPP-IV inhibitory potential (IC50 value) has been
predicted by QSAR for bovine milk protein-derived peptides
identified in the gastrointestinal tract of humans following the
consumption of milk or other dairy products. Ten peptides,
which were previously shown to be bioaccessible in humans
following milk ingestion [12], were identified as novel DPP-
IV inhibitory peptides [98]. Within these novel sequences, the
most potent peptide was Leu-Pro-Val-Pro-Gln [β-CN (f171-
175)], which had a DPP-IV IC50 value of 43.8 μM.

The utilization of QSAR to predict the biological activity of
peptides, however, also has a few limitations. These include
inaccurate prediction of peptide potency. It is not unusual to
find differences between QSAR-predicted and experimental
IC50 values of peptides [98, 128]. These differences arise from
the robustness of the QSAR model. Furthermore, the data
incorporated in QSAR models may not be obtained under
the same experimental conditions, i.e., arise from different
laboratories. This may present some issues since the assay
conditions employed have been shown to have a significant
impact on the potency values obtained for bioactive peptides
[130–132]. In addition, the mode of action of peptides in-
volved in the inhibition of metabolic enzymes (i.e., competi-
tive versus non-competitive, mixed type, etc.) should be taken
into account when building QSAR models as relationships
between biological activity and structure should only be built
for peptides acting through the same mechanism of action
[98].

To date, peptide identification has generally been conduct-
ed with database-driven approaches where sequences are
matched to the primary sequence of milk proteins. However,
peptide mapping to the primary sequence of milk proteins
may present difficulties as several milk proteins are folded in
their native state as outlined earlier. This may lead to unsuc-
cessful assignment of peptide sequences to milk proteins and
therefore non-identification of such sequences. Other ap-
proaches such as de novo analysis have been proposed during
peptide identification to overcome this issue [30, 120]. De
novo analysis is based on sequencing algorithms and it does
not rely on knowledge of the parent protein sequence [133].
The utilization of de novo sequencing may be employed to
complement classic database-driven peptide identification of
milk peptides [30, 119]. De novo approaches also present
some advantages when the predictive ability of the in silico
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approach employed is low. For this reason, several studies
have also incorporated de novo sequencing of milk peptides
to generate additional information on the peptides detected
within milk protein hydrolysates [36, 115, 134].

Conclusions and perspectives

In silico studies conducted at a molecular level with milk
protein-derived peptides, although very worthwhile, have sev-
eral limitations. In fact several in silico methods are not able to
accurately predict peptide release or bioactivity of peptides.
This is mainly based on inappropriate assumptions being
made during in silico analysis of peptides. These assumptions
arise using models that (1) do not represent the manner in
which proteins/peptides are actually cleaved during enzymatic
digestion, or (2) incorrectly assume specific interactions be-
tween peptides and metabolic enzymes (e.g., that all biologi-
cally active enzyme inhibitory peptides bind to the active site).
There is a need to develop models that better describe the
behavior of proteins and peptides during enzymatic hydrolysis
and that take into account mechanistic approaches in relation
to their bioactivity. In this context, the development of peptide
cutters, which take in account the multidimensional (i.e., glob-
ular) structure of food proteins, may help to achieve predic-
tions that are more representative of actual peptide release.
The role of PTM during enzymatic digestion has not been
extensively studied and is poorly understood; therefore, more
studies in this area are also needed to better predict peptide
release during enzymatic digestion of dietary proteins. In ad-
dition, methods such as DOE and RSM have proven to be
very useful to identify optimum hydrolysis conditions for
the generation of bioactive milk protein hydrolysates. These
methods do not necessitate prior knowledge of the protein
composition or the range of activities within the enzyme prep-
aration. Overall, they can inform the generation of milk pro-
tein hydrolysates and have been quite successful in allowing
the production of potent bioactive milk protein hydrolysates.
Because the optimization is actually based on outputs obtain-
ed from the actual biological activity of milk protein hydroly-
sates, these methods take into account the complexity of hy-
drolytic reactions. Therefore, future targeted release of bioac-
tive peptides may be based initially on DOE and RSM ap-
proaches. Subsequently, other in silico tools may be informed
by the data obtained during this process to identify more po-
tent and bioavailable peptides that are more relevant to human
health.

Although a large range of bioactive peptide sequences have
been reported in the scientific literature, there is still signifi-
cant scope for the discovery of more potent and bioavailable
sequences. This may be supported to a great extent by the
array of in silico tools described in this review. For instance,
the application of QSAR, ANN, and molecular docking has

potential to accelerate the discovery of novel bioactive pep-
tides from milk proteins. They can allow rapid screening of
the large amount of information generated during LC-MS/MS
peptide identification. While to date, QSAR does not seem to
generally provide a precise prediction of peptide potency, it
has allowed the ranking of peptides based on their predicted
potency. In this way, QSARmodeling has facilitated the iden-
tification of potent, novel, and bioaccessible bioactive pep-
tides from milk proteins. The extent of the information cur-
rently available on bioavailable peptides from milk proteins is
relatively low. However, new studies have been conducted in
this area using information from a broad range of food pro-
teins. e.g., fish and soy [for review, see: 29]. Because some of
these sequences identified are relatively short (di- and
tripeptides), theymay also be found within the milk proteome.
The development of targeted strategies to release bioavailable
peptides during milk protein hydrolysis may therefore be the
key for the scientific validation of health-promoting ingredi-
ents for humans.

Most studies conducted on the identification of bioactive
peptides are qualitative in the sense that they report the pres-
ence of specific peptide sequences. Generally, the amount of
different peptides within milk protein hydrolysates is not de-
termined. Quantification of peptides within milk protein hy-
drolysates represents a major challenge due to the number of
sequences that are generally present within hydrolysates (hun-
dreds to thousands of sequences may be identified). However,
when selected target peptide sequences are known, their quan-
tification may be carried out in a more systematic manner
[135]. Optimization of the yield of a target ACE inhibitory
peptide from bovine β-CN has been successfully carried out
during enzymatic hydrolysis [114]. The preparation of milk
protein hydrolysates maximally enriched in bioactive peptides
is key to minimizing the dose required while still maintaining
a physiological effect in humans. This will ensure compliance
with the current legislative framework, which requires, for
example according to EFSA Regulations, that bioactive
compounds/foods should be ingested in amounts consistent
with those consumed as part of a balanced diet.

The use of enzyme combinations may in certain instances
allow increased yield for specific bioactive peptides. This was
the case during the generation of CPPs released from a commer-
cial peptic CN hydrolysate (Hyvital CPPs, FrieslandCampina
Domo, Amersfoort, The Netherlands), which was further hydro-
lyzed with trypsin and thermolysin [136]. Enzyme combinations
have also been described to achieve debittering of milk protein
hydrolysates [137, 138]. The utilization of sequential hydrolysis
with different enzyme preparations may allow the release of
unique bioactive peptides and generate low-bitterness hydroly-
sates from milk proteins. However, to date, the availability of in
silico methods allowing the selection of specific enzyme combi-
nations during the targeted generation of specific milk protein
hydrolysis does not seem to exist.
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Other areas of research can make the generation of bioac-
tive peptide more relevant to humans. These would include
the development of targeted release of bioactive peptides in an
integrated fashion, leading to the generation of sequences hav-
ing the ability to be (1) bioavailable, (2) multifunctional (i.e.,
target multiple markers involved in the aetiology of metabolic
diseases), and (3) palatable (i.e., non-bitter).
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