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Abstract

Whey proteins provide an excellent source of low-molecular-weight bioactive peptides with important functional
properties and bioactivities like antihypertensive, opioid, and antimicrobial effects. Presence of peptide molecules
with lower molecular weight has a great role in food for health promotion. In this investigation, the release of low-
molecular-weight peptides from whey protein concentrate was attempted by using enzymatic digestion. The
hydrolyzate was then incorporated into milk to obtain enriched milk (EM) with low-molecular-weight peptides.
Based on sensory analysis of EM, electrophoretic and RP-HPLC studies, hydrolyzates of 10% protein (degree of
hydrolysis 5%; enzyme/ substrate E/S, 1:50) were finally incorporated into milk at 20% (v/v) to develop an
acceptable product enriched with low-molecular-weight peptides. EM had higher protein content, viscosity and
emulsifying properties than control milk with 3% fat. It is recommended that EM should not be sterilized as it
results in coagulation, but can be safely pasteurized and spray dried without any undesirable effects. Maximum
ACE-inhibition activity was obtained in hydrolyzate, followed by EM. This study is expected to boost the
opportunity for the dairy industry to venture further into the nutraceutical dairy market.
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Introduction
Safe and nutritious foods are of paramount importance
to human health and well-being. The scientific know-
ledge on the relation between food and health is pro-
gressing well and new functional foods are appearing in
the market. Preventing diseases by food intervention has
become the most challenging field of research. Several
diseases such as diabetes, obesity, cardiovascular disor-
ders and allergy are linked to food intake (Kopp 2019).
The various risk factors identified for these diseases may
be reduced by adaptation of the diet and/or consump-
tion of functional foods or nutritional supplements.
Functional foods are regularly consumed foods but

may have been supplemented or enriched with health
promoting substances like vitamins, minerals, bioactive
peptides and alike. Of the various substances that are

used for supplementation, peptides are increasingly used
due to their unique functional properties. It has been
proven that peptides that are released in vitro or in vivo
from animal or plant proteins are bioactive and have
regulatory functions in humans beyond their normal nu-
trition role (Hartmann and Meisel 2007). These proper-
ties of peptides are endowed by the specific amino acid
sequence; generally low-molecular-weight bioactive pep-
tides that contain 2–20 amino acid residues. Their pres-
ence has a great role in food for health promotion. The
functional properties of the peptides include enhanced
foaming, gelling, emulsification, and solubility, as well as
decreased viscosity, among others. They also possess
multifunctional properties like antihypertensive, opioid,
antimicrobial, antioxidant, immunomodulatory and min-
eral binding effects (Hernandez-Ledesma et al. 2005;
Nongonierma and FitzGerald 2015).
The extent of functionality of peptides depends on the

way they are produced and the source of protein they
are derived from. Protein hydrolysis can be accom-
plished by different means – enzymes, acids, microbes,
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alkalis etc. The enzyme used and the method of hydroly-
sis of protein will also influence the functionality of the
peptides released (O’Keeffe and FitzGerald 2014). Of the
different means of hydrolysis, enzymatic hydrolysis is
much preferred for its specificity and nutritional applica-
tion. Hence, in order to get peptides with desirable prop-
erties, controlled hydrolysis of protein has to be
accomplished. However, optimization of conditions for
enzymatic hydrolysis is a tedious task because several
factors need to be considered and their effect studied be-
fore arriving at optimum conditions (Zheng et al. 2008).
There have been numerous studies related to the field of
bioactive peptides during the past two decades and these
have been extensively reviewed (Meisel et al. 2006;
Madureira et al. 2010; Martinez-Maqueda et al. 2012;
Nongonierma and FitzGerald 2015). Similarly, attempts
have also been made to optimize the enzymatic hydroly-
sis of whey proteins (Xia and Xia 2012; Naik et al. 2013;
Zhidong et al. 2013).
Among the several proteins, milk proteins are most

preferred. Recent evidences have shown the role of
milk apart from supplying dietary proteins and essen-
tial amino acids to the body, is more complex as it
also exhibits additional physiological bioactivity that is
essential for growth and blood pressure control,
among others. The average protein content of milk is
3.2–3.4% of which casein constitutes 80% and whey
proteins, 20%. Though whey proteins account for only
about 20% of the total protein fraction of milk, they
are the wonder proteins for nutritional, clinical, diet-
etic, sports, and infant foods. As such, whey proteins
are expected to provide beneficial low-molecular-
weight bioactive peptides upon enzymatic hydrolysis.
Enriching milk with hydolyzates containing these low-
molecular weight peptides may further increase its
bioactive properties. However, the major problem as-
sociated with supplementing foods with peptides is
bitterness of certain peptide preparations, which is a
limiting factor in their addition to food. The present
study was therefore undertaken to optimize the pa-
rameters for whey protein hydrolysis and further en-
rich milk with these hydrolyzates. This study aims to
understand the hydrolysis pattern of whey proteins
with the variation in enzyme addition and degree of
hydrolysis achieved. Knowledge of peptides formation
patterns can help in the incorporation of hydrolyzates
in milk or to formulate a food or beverage. However,
the analysis of the nutritional aspects of WP hydroly-
zates was beyond the scope of this study. The present
study is expected to offer the dairy industry entry to
the nutraceutical dairy market, which was hitherto re-
stricted largely to the non-dairy segment. Moreover,
due to the large-scale economy of the dairy industry,
the study may create new opportunities for the

industry to consider commercialization of minor milk
components with potential biological activity.

Materials and methods
Materials
Fresh whole milk was standardized to toned milk at the
Experimental Dairy of National Dairy Research Institute,
Bengaluru, India. Toned milk is the milk prepared from
cow or buffalo milk or the mixture of both, by standard-
izing to 3% fat and 8.5% solids-not-fat percentage (SNF)
using skim milk. Whey protein concentrate (WPC), 70%
protein (PROCON 3700) was obtained from M/s
Mahaan Proteins Ltd., New Delhi. Flavourzyme (1000
LAPU/g, Novozymes South Asia Pvt. Ltd.), the enzyme
produced by Aspergillus oryzae, was used for hydrolysis.
Angiotensin converting enzyme (ACE) from rabbit lung
was procured from M/s. Sigma Fine Chemicals Ltd. ACE
of 0.1 unit was dissolved in 1 mL of distilled water and
stored at –20 °C.The protein molecular weight marker
for the electrophoretic study was purchased from M/s.
Bangalore Genei. Analytical grade chemicals obtained
from various companies such as M/s. Sigma Fine
Chemicals Ltd. and used for chemical analysis. HPLC
grade chemicals were used for HPLC analysis.
A digital pH meter of Digisun Electronics, Hyderabad

(Model D1 707) was used for measuring pH during the
investigation. The cooling centrifuge type C-24 from
Remi Sales and Engineering Ltd., Mumbai, was used for
centrifugation of samples. The Crepaco Homogenizer
with 500 L/h capacity was used to homogenize milk at
500 and 1500 psi. The Mini Dual Vertical Electrophor-
esis Unit which could hold two 10 × 8 cm slab gel
sandwiches was purchased from Tarsons Products Pvt.
Ltd., Kolkata. The Agilent 1100 HPLC unit was used to
separate different peptides in the hydrolyzate and
enriched milk samples.

Hydrolysis of whey protein concentrate (WPC)
WPC solutions (5, 10 and 15% protein, w/v) were pre-
pared. The solutions were pre-incubated at 50 °C and
the pH was adjusted to 7 using 0.5 M NaOH, followed
by the addition of Flavourzyme at different enzyme to
substrate (E:S) ratios of 1:25, 1:50 and 1:100 (v/w). The
solutions were regularly stirred. Hydrolysis was carried
out at pH 7 and 50 °C to attain 5, 7, 9 and 11% degree of
hydrolysis (DH) and the time was noted. The DH which
is defined as the percentage of peptide bonds cleaved by
the enzyme was determined according to the method of
base consumption using pH stat technique of Adler-
Nissen (1986). The total volume of 0.5 M NaOH
consumed during the entire hydrolysis process to main-
tain the pH 7.0 was recorded using the digital pH meter.
After reaching the desired degree of hydrolysis, the
hydrolyzates were heated at 85 °C for 8–10min to
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inactivate the enzyme and to arrest further hydrolysis.
The DH was calculated as follows and expressed as
percentage.

Degree of hydrolysis DHð Þ ¼ B� Nb � 1=α� 1=MP
� 1=htot � 100

where, B = Base consumption in mL (NaOH); Nb =
Normality of the base (0.5 N); MP =mass of protein in g;
htot = Total number of peptide bonds in the protein
substrate (meq/g protein for whey protein; htot = 8.8);
α = Average degree of dissociation of the α-NH2 groups.
1/α factor was considered as 2.27 at pH 7.0 and 50 °C.

Moisture, fat, acidity and ash
The moisture (%), fat (%) and titratable acidity (% lactic
acid) contents in the enriched milk were determined as
mentioned in Indian Standards Institution IS: (SP: 18)
(1981) and ash as per Indian Standards Institution IS:
(SP: 18) (1980).

Protein
The total nitrogen content of the milk was deter-
mined by Micro Kjeldahl method (Menefee and Over-
man 1940) as elaborated by Sáez-Plaza et al. (2013)
and ISO (2014).

Viscosity
The kinematic viscosity of milk was determined using
simple Ostwald viscometer as described by Matz (1962).

Sensory analysis
The enriched milk was analyzed for sensory characteris-
tics by a trained panel of 10 judges, from among the sci-
entists and staff of National Dairy Research Institute,
Bengaluru. The 9-point hedonic scale was used in order
to assess the sensory acceptability of the product. The
samples were coded for judging and the criticisms
expressed by judges were recorded.

Tricine sodium dodecyl sulphate polyacrylamide gel
electrophoresis
The Tris-Tricine gel electrophoresis of hydrolyzate,
toned milk and enriched milk was carried out to detect
low molecular weight peptides in the samples as de-
scribed by Schagger and Jagow (1987), using acrylamide/
bisacrylamide mix (49.5% T; 3% C) in a Mini Dual Verti-
cal Electrophoresis Unit as mentioned in the previous
section. Maximum voltage used was 500 V and max-
imum temperature 45 °C. Anode buffer (0.2 M Tris, pH
8.9) and Cathode Buffer (0.1 M Tris, 0.1M Tricine, 0.1%
SDS, pH 8.2 ± 0.2) were used for the run.

Reverse phase high performance liquid chromatography
(RP- HPLC)
Reverse phase high performance liquid chromatography
(RP-HPLC) of hydrolyzate and enriched milk samples
was carried out as explained by Bordin et al. (2001) with
some modifications. The hydrolyzates and enriched milk
samples were resolved on RP-HPLC at Hindustan Lever
Research Centre (HLRC), Unilever, Bengaluru. The spec-
ifications of the instrument were: System, Agilent 1100
HPLC system; Pumps, Binary Pump G1312A; Column,
C18, Bonda Pak, Waters, 10 μm, (3.9 X 390mm); In-
jector, Autoinjector G1313A; Thermostat, Thermostat
G1316A; Detector, Diode array detector G1315B; and
Software, Agilent Chemstation Rev.A.08.03 (847). The
mobile phase and other operating conditions used dur-
ing the analysis were as follows: Mobile Phase, Water +
Acetonitrile + Trifluoroacetic acid (90 + 10 + 0.1); Flow
rate, 1 mL/min; Wavelength, 220, 280 nm; Temperature,
25 °C; and Injection volume, 20 μL.
The HPLC column was equilibrated with the mobile

phase till baseline stabilized. Samples were filtered
through a 0.45 μm filter before HPLC injection. The flow
rate was adjusted to 1 ml/min and the peptides were
eluted from the column at room temperature. Elution of
peptides was monitored at 220 and 280 nm and the pep-
tide profiles of the samples were observed on the
monitor.

Angiotensin converting enzyme (ACE) inhibition assay
Angiotensin converting enzyme (ACE) inhibitory activ-
ities of WPC, protein hydrolyzate (5%DH) from 10%
whey protein solution, toned milk and enriched milk
were measured as described by Hernandez-Ledesma
et al. (2003) with slight modifications in incubation time
(370 C) and volume of substrate (110 μL of substrate).
Hippuryl-Histidyl-Leucine; HLL) was used for the
analysis.
The extent of inhibition was calculated as follows:

Inhibition of ACE %IACEð Þ
¼ A − Bð Þ − C −Dð Þ½ �

A − Bð Þ � 100

where, A = absorbance in the presence of ACE (substrate
+ ACE)
B = absorbance of the reaction blank (substrate alone);

C = absorbance in the presence of ACE and the hydroly-
zate/inhibitor; (substrate + ACE + hydrolyzate); D = ab-
sorbance of the sample blank (substrate + hydrolyzate).

Statistical analysis
Data obtained from the various experiments during the
process of standardization and storage studies were
analyzed statistically using Microsoft Excel. Statistical
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comparisons were made using analysis of variance
(ANOVA) methods and Tukey’s Multiple Comparison
Test as described by Snedecor and Cochran (1994). Data
were expressed as the predicted means of each assay ±
standard deviation (SD). Results were considered to be
statistically significant at p < 0.01.

Results and discussion
Experiments were conducted to assess the feasibility to
manufacture milk enriched with bioactive peptides ob-
tained from the hydrolyzates of WPC. Results obtained
during process of standardization to attain a maximum
amount of short-chain bioactive peptides (less than 10
kDa), its incorporation into milk, and evaluation of the
quality characteristics of enriched milk are presented in
the following subsections.

Standardization of procedure for enzymatic hydrolysis of
WPC
The concentration of protein solution, the enzyme to
substrate ratio and the optimum degree of hydrolysis for
generation of a maximum yield of low-molecular-weight
peptides were the major parameters that were standard-
ized. Flavourzyme, with both exo- and endopeptidase ac-
tivity, capable of hydrolyzing the protein into molecules
with less than 3 kDa, was employed in this investigation.

Effect of concentration of protein solution and degree of
hydrolysis on hydrolysis time
The duration of hydrolysis increased with increase in
protein concentration and degree of hydrolysis as shown
in Table 1. Both of these factors have a significant (p <
0.01) influence on the time of hydrolysis. Thus, it can be
concluded that the time taken for hydrolysis of a lower
protein concentration solution to higher DH can be
equivalent to the time taken to hydrolyze higher protein
concentration to a lower DH.
The 5% protein solution took almost the same time as

10% solution to reach 5% DH. The aim of the study was
to enrich milk with protein hydrolyzate to the maximum
possible level of bioactive peptides without much alter-
ation of TS in milk. Therefore, 5% protein solution at all
levels of hydrolysis was eliminated to avoid dilution of
milk for the further studies.
The degree of protein hydrolysis is an extremely im-

portant factor. Extensive hydrolysis imparts bitterness by
elaborating smaller peptides and amino acids in the hy-
drolyzate. Hence, the necessity to exercise a strict con-
trol on the extent of hydrolysis has been well recognized
(Haque and Mozaffar 1992). Moreover, it also influences
the functional properties of the hydolysates. In the study
of protein hydrolyzates of yellow stripe trevally (Selar-
oides leptolepis), Klompong et al. (2007) observed that as
DH increased, the interfacial activities (emulsion activity

index, emulsion stability index, foaming capacity, foam
stability) of hydrolyzates decreased (p < 0.05), possibly
caused by the shorter chain length peptides. The method
used most frequently to limit the DH is by stopping the
reaction at a desired time by heat treatment at 85 °C for
15 min.
It is also important to produce hydrolyzate with a

maximum content of low-molecular-weight peptides in
the shortest possible time period to avoid the possibility
of any microbial spoilage. It was observed that there
were a lot of variations in the time of hydrolysis to
achieve DH of 11% in the three different protein solu-
tions (Table 1). Protein solution of 10% with 11% hy-
drolysis was achieved after about 7 h whereas it took
more than 9 h in 15% protein solution with 1:50 E/S ra-
tio. Sometimes it may not be possible to achieve DH of
> 11%. This is probably because all the specific bonds to
be acted upon by Flavourzyme were already hydrolysed
and more enzyme would be needed for their further
breakdown. Since 11% DH in both 10 and 15% solution
took more than 7 h, no further studies were carried out
in these cases.

Effect of enzyme to substrate (E/S) ratio and protein
concentration on hydrolysis time
After the elimination of 5% protein solution and 11%
DH, attempts were made to explore a suitable E/S ratio
in 10 and 15% protein solutions for a DH of 5%. With
the increase in enzyme concentration, hydrolysis time
decreased in both protein solutions (Table 2). Enzyme
concentration (E/S ratio) has a significant (p < 0.01) ef-
fect on the rate of hydrolysis, irrespective of protein

Table 1 Effect of concentration of protein solution and degree
of hydrolysis on the hydrolysis times

Concentration of
protein solution (%)
(P)

Degree of
hydrolysis
DH (%)
(D)

Hydrolysis time
(min)

5 5 23.66 ± 1.15a

7 55.67 ± 3.06b

9 78.66 ± 3.51c

11 124.33 ± 6.03d

10 5 29.66 ± 2.52e

7 105.67 ± 3.05f

9 297.00 ± 6.56g

11 427.00 ± 12.12h

15 5 55.00 ± 3.00i

7 121.00 ± 3.61j

9 308.66 ± 7.02k

11 550.67 ± 19.01l

Results expressed as Mean ± S. D, n = 4; Small letter superscripts (a, b..,) differ
significantly (p < 0.01) across the % protein and degree of hydrolysis
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concentration. Between the two protein solutions, the
15% solution took more time than 10% solution for
achieving the same degree of hydrolysis using the same
E/ S ratio. It was found that protein concentration also
had a significant (p < 0.01) effect on the time of hydroly-
sis irrespective of the E/S ratio. Thus, the hydrolysis time
increased with increased protein concentration, but de-
creased with increased E/S ratio. Among all, an
optimum time of 30 min was found to be the most suit-
able hydrolysis period, considering its industrial applica-
tion for time saving, analytical work and prevention of
microbial spoilage during hydrolysis.
Table 2 indicates that protein solutions (10 and

15%) with three E/S ratio of 1:25, 1:50 and 1:100
took significantly (p < 0.01) different hydrolysis time
for the same DH. However, there was no significant
(p > 0.01) difference in hydrolysis time for 10 and
15% protein solutions with E/S of 1:25. This was
probably because of the high concentration of en-
zyme used to achieve a lesser DH, which would re-
sult in all susceptible bonds being hydrolysed
immediately, irrespective of the concentration of the
protein solution. Therefore, the E/S ratio 1:50, which
took 30 min to achieve the desired DH of 5% in 10%
protein solution, was selected for further studies as
already mentioned. The E/S ratio of 1:100 took more
than 1 h to achieve a DH of 5% in both 10 and 15%
solutions. This was not desirable and therefore, the
E/S ratio of 1:100 was not considered in further
studies.
Furthermore, E/S ratio of 1:50 for 10% protein solution

was finally selected to achieve DH of 5% in 30min. Since
none of these combinations in 15% solution was found
suitable for 30 min hydrolysis time, further studies were
carried out to determine the suitable combination of DH
and E/S ratio in 15% solution.

Effect of enzyme to substrate (E: S) ratio and degree of
hydrolysis (DH) in 15% protein solution on hydrolysis
time
In order to determine the suitable combination of E/S
ratio and % DH, effect of two E/S ratios (1:25, 1:50) and
three DH of 5, 7 and 9% in the 15% protein solution on
the hydrolysis time was studied. Table 2 shows the dif-
ference in hydrolysis time in a 15% protein solution at
different DH and E/S ratio. It is evident that DH had a
significant (p < 0.01) effect on time for hydrolysis irre-
spective of E/S ratio. Although all the combinations were
significantly different from each other, the combination
that achieved the hydrolysis in 30 min was finally se-
lected as it was the most suitable hydrolysis time, con-
sidering its advantages for industrial application as
mentioned in the previous section. The choice of en-
zyme is determined by a combination of efficacy and
economics. Within the limits of temperature and pH, a
higher concentration of enzyme can be used to speed up
the hydrolysis process. Here, economics is a factor, as
the increased materials cost vs. speed of reaction must
be considered. Therefore, 15% protein solution with a
DH of 7%, which was achieved in 30min using E/S ratio
of 1:25 was selected in further studies. This is supported
by the work done by Asselin et al. (1989) as they
adopted the same E/S ratio for protein hydrolysis.

Identification of peptides present in hydrolyzates of 10
and 15% whey protein solution by Tricine SDS-PAGE
To study changes in the individual whey protein (WP)
fractions during hydrolysis and to monitor the low-
molecular-weight peptides formation, Tricine SDS-
PAGE of 10 and 15% WP hydrolyzates were carried out.
Figure 1a, b, shows the peptide profiles obtained by

hydrolyzing 10 and 15% protein solutions. The presence
of low-molecular-weight peptides of < 10 kDa is evident

Table 2 Effect of E/S ratio and protein concentrations on the time to obtain DH of 5% and the effect of E/S ratio and DH on
hydrolysis time in 15% protein solution

E: S Hydrolysis time (min) to obtain 5%DH Degree of
hydrolysis
(DH%)

Hydrolysis
time (min)
in 15%
protein
solution

10% protein solution 15% protein solution

1:25 13.66 ± 1.15a 16.33 ± 1.53a 5 15.33 ± 1.15A

7 30.66 ± 2.52B

9 145.67 ± 5.13C

1:50 30.33 ± 2.52b 55.00 ± 3.00d 5 56.00 ± 3.61D

7 120.67 ± 4.04E

9 301.66 ± 7.64F

1:100 93.00 ± 3.61c 153 .67 ± 3.51e – –

Results expressed as Mean ± S. D, n = 4; Small letter superscripts (a, b..,) differ significantly (p < 0.01) across the % protein; capital letter superscripts (A, B..,) differ
significantly (p < 0.01) between % degree of hydrolysis
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in hydrolyzates with different % DH (Fig. 1a, Lanes 3, 4,
5, 6), whereas the control whole WPC (Fig. 1a Lane 2)
did not show any of these low-molecular-weight pep-
tides. However, in case of 15% protein hydrolyzates, the
lower bands were lighter in the case of 9% DH (Fig. 1b,
lane 6) and almost disappeared in the hydrolyzate with
11% DH (Fig. 1b, lane 7), which may be due to further
breakdown of peptides into amino acids. This is import-
ant for reducing allergenicity of the products but was
not intended as the main objective was to produce low-
molecular-weight peptides of around 6 kDa or lower.
Therefore, 15% protein solution with 9 and 11% DH was
not considered as it further hydrolysed the peptides in
the hydrolyzates. Thus, electrophoretic studies con-
firmed that in both 10 and 15% protein solutions, the
desirable low- molecular-weight peptides (< 3 kDa) were
present when hydrolyzed to DH of 5 and 7% and hy-
drolysis of β-lactoglobulin was faster than α-lactalbumin.
Ghosh et al. (2017) have reported that higher degree of
hydrolysis of whey proteins using Flavourzyme resulted
in lighter bands for the two main protein fractions (α-

lactalbumin and β- lactoglobulin) than control. More-
over, the number of peptide bands below α-lactalbumin
fractions was higher, indicating formation of lower
molecular-weight-peptides.
The results obtained here were in accordance with the

findings of Schmidt and Poll (1991). They reported that
peptides with estimated molecular weights between 2000
and 5000 Da were formed in appreciable amounts during
the enzymatic hydrolysis of whey proteins. Between β-
lactoglobulin and α-lactalbumin, the former seemed to
be more prone to enzymatic hydrolysis than the latter,
which is again in accordance with Schmidt and Poll
(1991), who hydrolyzed different fractions of whey pro-
tein using trypsin. They found that α-lactalbumin was
insensitive to the action of trypsin, while at the same
time, β-lactoglobulin was rapidly hydrolyzed. Britten and
Giroux (1994) hydrolyzed WPC solution (6% protein)
using Rhozyme, a broad specificity protease from Asper-
gillus oryzae and observed that half of the β-
lactoglobulin content was hydrolyzed when the degree
of hydrolysis reached 5.1%. It is clear from our study

Fig. 1 a Tricine SDS-PAGE of hydrolyzates from 10% whey protein solution. Lane 1 - molecular weight standards; lane 2 - whole WPC; lane 3, 4, 5,
6 - hydrolyzates of DH 5, 7, 9, 11%, respectively; lane 7 - molecular weight standard b From 15% whey protein solution. Lane 1 - molecular
weight standards; lane 2 - toned milk; lane 3 - whole WPC; lane 4, 5, 6, 7 - hydrolyzates of DH 5, 7, 9, 11%, respectively
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that α-lactalbumin is more resistant to attack by Fla-
vourzyme than β-lactoglobulin. The enzyme did not at-
tack α-lactalbumin and BSA.

Development of milk enriched with functional peptides
The hydrolyzates from 10 and 15% whey protein solu-
tions were incorporated into toned milk (3% fat; 8.55%
solids-not-fat) to enrich it with the functional peptides
formed during enzymatic hydrolysis of the whey pro-
teins. Milk incorporated with the WPC hydrolyzate is
hereafter referred as ‘Enriched Milk’ (EM). The max-
imum level of hydrolyzate that could be incorporated
into milk was assessed by sensory evaluation for its ac-
ceptability. Tricine SDS-PAGE were conducted to evalu-
ate the presence of low-molecular-weight peptides and
further confirmed by RP-HPLC study. The EM thus op-
timized was analyzed for physicochemical quality for a
period of 72 h.

Optimization of whey protein hydrolyzate incorporation
in toned milk (3% fat)
The hydrolyzates with DH of 5, 7, 9% prepared from
WP solutions of 10 and 15%, were added into the milk
at 5, 10 and 20% (v/v), pasteurized and evaluated separ-
ately by the sensory panel of judges. Milk enriched with
hydrolyzates of 9% DH scored least for all sensory pa-
rameters as compared to those enriched with hydroly-
zates of DH 5 and 7%, which showed that the sensory
quality of the product decreased with the increase in %
DH irrespective of the level of incorporation of the hy-
drolyzate. It was found that 10% protein solution with
5% DH was acceptable up to 20% (v/v), while the hydro-
lyzate with DH of 7% was acceptable only up to 10% (v/
v) enrichment in milk. This showed that the sensory
quality of the product decreased as the DH increased, ir-
respective of the level of incorporation of the hydroly-
zate. Further, it was clear that milk enriched with
hydrolyzate of 15% protein solution was acceptable only
up to 10% (v/v) incorporation with DH of 7% and up to
5% (v/v) incorporation with DH of 9%.

Identification of peptides present in milk enriched at
different levels with 10 and 15% protein hydrolyzates by
Tricine SDS-PAGE
The electrophoretic pattern of proteins in toned milk
and milk enriched with hydrolyzates from 10% protein
solution, having DH of 5, 7, 9% and incorporated into
milk at 5, 10 and 20% (v/v) is shown in Fig. 2c. The elec-
tropherogram (Fig. 2c) of the enriched milk samples
(Lane 3–10) individually showed a total of seven bands.
Prominent presence of bands in the middle part of each
lane, whose migration rates were similar to the 3 prom-
inent bands in toned milk (lane 2), thus confirming it as
casein, ß-lactoglobulin and α-lactalbumin. However,

these 3 bands, which were already present in the control,
were found to be thicker in the enriched milk samples.
The thickness and intensity of the bands increased as
the level of incorporation of hydrolyzate into milk in-
creased. Thus, the bands in lane 4, where hydrolyzate
(DH 5%) was incorporated into milk at 20% (v/v) level
was more prominent than those in lane 3, where hydro-
lyzate (DH 5%) was incorporated into milk at 10% (v/v)
level. Similarly, the hydrolyzate (DH 7%) was incorpo-
rated into milk at 5, 10 and 20% (v/v) level and run
through lanes 5, 6 and 7, respectively. It was found that
band thickness and intensities were more in samples
with 20% (v/v) incorporation of hydrolyzate (lane 7),
followed by those with 10% (lane 6) and 5% (lane 5) in-
corporation. The same trend was observed in enriched
milk samples incorporated with hydrolyzates of 9% DH.
However, this sample had bitter taste and hence only 5%
(v/v) incorporation of this hydrolyzate was found pos-
sible without affecting the flavour of the enriched milk.
The casein band (29,000 Da) in all the samples was
found to be uniform. It is evident that the intensity of
band is inversely proportional to the degree of
hydrolysis.
Two prominent bands corresponding to 6500 and

3000 Da of the marker proteins could be observed in the
enriched milk (Fig. 2c, lane 4 to 7) which were absent in
the control toned milk (lane 2). The new low-molecular-
weight peptides are formed as a result of cleavage of
higher molecular proteins by the enzyme.
Figure 2d depicts a similar trend for milk enriched

with hydrolyzates from 15% protein solution. All
enriched milk samples showed the presence of low-
molecular-weight peptides (Fig. 2d, lane 3 to 10), while
these were not present in the control milk. Hydrolyzates
of 15% protein solution with DH of 9% (lane 8 to 10)
were not desirable due to breakage of peptide bonds.
Only 5% (v/v) of this hydrolyzate could be incorporated
into milk for an acceptable product. Milk enriched with
10% (v/v) hydrolyzate of 15% protein solution, with DH
of 7% conferred the highest amount of low-molecular-
weight peptides incorporated, which was also organolep-
tically acceptable.
Protein hydrolyzates possess a physiological property

of special importance. The gastrointestinal absorption of
hydrolyzates, especially di- and tripeptides, seems to be
more effective compared to both intact protein and free
amino acids (Grimble and Silk 1989; Minami et al. 1992)
at least in stressed situations with a reduced intestinal
absorption area, an impaired digestive function and/or a
high overload of protein intake. Enzymatic hydrolysis of
proteins is a way to improve protein functionality. Al-
though the degree of hydrolysis is an important factor
for characterizing any protein hydrolyzate, it doesn’t
provide the complete information on peptide profile
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(molecular weight distribution). Peptide profile is critical
for clinical and food applications (Clemente 2000). Pep-
tides are less hypertonic than free amino acid mixtures
enabling good absorption of other dietary components
and eliminating osmotic problems. It is generally ac-
cepted that mild hydrolysis is beneficial and extensive
hydrolysis is detrimental (Haque and Mozaffar 1992).
Thus, elimination of milk enriched with 9% hydrolyzate
in our study has been supported. Lower DH of 5 and 7%
were selected as these had higher amount of low-
molecular-weight peptides that were not further broken
down into amino acids.
Chorbert et al. (1988) found that the WP hydrolyzates

in size exclusion chromatography showed major peaks
near 18, 13, 9, 5 kDa after 2.5% hydrolysis, near 9 and 5
kDa after 3.9% hydrolysis and near 6 and 2 kDa after
5.3% hydrolysis. Larger peptides (2–5 kDa) are mainly
used as functional ingredients or in personal care prod-
ucts. Medium size peptides (1–2 kDa) are used in clinical
nutrition and sports nutrition. Electrophoretic analysis
carried out in the present study showed that hydrolysis

of 10 and 15% protein solution to DH of 5 and 7%, also
resulted in the formation of peptides < 6.5 kDa.

Selection of samples having the highest amount of
hydrolyzed proteins incorporated in milk
The acceptable level of hydrolyzate from 10 and 15%
protein solution that could be incorporated into milk
was standardized by sensory evaluation. The presence of
low-molecular-weight peptides in these accepted sam-
ples was also confirmed by electrophoretic studies.
Ideally, optimized enriched milk should have the max-
imum amount of low-molecular- weight functional pep-
tides incorporated, with minimum bitterness. Among
the accepted combinations, it was found that milk when
incorporated with hydrolyzate from 10% protein solu-
tion, having DH of 5%, at 20% (v/v) level, it would con-
tain 0.099% hydrolyzed protein and attain a total protein
enrichment of 1.99%. Similarly, milk incorporated with
hydrolyzate having DH of 7% from 15% protein solution
at 10% (v/v) level; would contain 0.1049% hydrolyzed
protein and attain a total protein enrichment of 1.495%.

Fig. 2 c Tricine SDS-PAGE of milk enriched with hydrolyzates from 10% protein solution. Lane1 - Standard; lane 2 - toned milk; lane 3, 4 - milk
enriched with 10 and 20% (v/v) hydrolyzate of DH 5%, respectively; lane 5, 6, 7 - milk enriched with 5, 10, 20% (v/v) hydrolyzates of DH 7%,
respectively; lane 8, 9, 10 - milk enriched with 5, 10, 20% (v/v) hydrolyzate of DH 9%, respectively. d 15% protein solution. Lane1 - Standard; lane
2 - toned milk; lane 3, 4 - milk enriched with 10 and 20% (v/v) hydrolyzate of DH 5%, respectively; lane 5, 6, 7 - milk enriched with 5, 10, 20% (v/
v) hydrolyzate of DH 7%, respectively; lane 8, 9, 10 - milk enriched with 5, 10 and 20% (v/v) hydrolyzate of DH 9%, respectively
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Thus, it was found that samples of 10% protein solution,
with DH of 5 and 15% solution with DH 7% are suitable
for milk fortification with peptides,

Analysis of enriched milk
With the optimized conditions of hydrolysis for max-
imum incorporation of low-molecular- weight peptides
with least bitterness, the hydrolyzate of 10% WP with
DH of 5% was incorporated at 20% (v/v) level into milk
and the fat was adjusted to 3%. Enriched milk (EM) was
heated at 72 °C for 2–3 min, cooled, packed in polyethyl-
ene pouches and stored in refrigerator. The control and
enriched milk were analyzed for physicochemical and
sensory properties.

Physicochemical characteristics of enriched and toned
milks
The physicochemical characteristic of toned and
enriched milks are shown in Table 3. Higher protein
content in enriched milk was due to the added proteins
from the hydrolyzate. The hydrolyzate was prepared
from a 10% protein solution and added at 20% (v/v)
level. This accounted for the increase in protein content
of enriched milk which also increases total solids con-
tents. The pH of toned milk was around 6.4, while it was
6.6 for enriched milk. The enriched milk had higher pH
value because of addition of 20% (v/v) neutralized hydro-
lyzate into the milk. pH of milk at 25 °C normally varies
within a relatively narrow range of 6.5 to 6.7. There are
many components in milk, which provide a buffering ac-
tion as reported by Webb et al. (1974). The major buff-
ering groups of milk are caseins and phosphate.
Therefore, both the acidity and pH in enriched milk falls
within the normal range of milk. Higher viscosity (2.146
cP) in enriched milk was probably due to the added hy-
drolyzate, as whey proteins were found to have good
solubility and water biding capacity (Foegeding et al.

2002). Enriched milk showed lower rate creaming than
toned milk indicating that added hydrolyzates showed
emulsifying properties which might have prevented the
rate of creaming in the final enriched milk. Some pep-
tides had better emulsifying properties than milk pro-
teins. Experiments showed that controlled enzymatic
hydrolysis, particularly with trypsin; improve oil holding
capacity by more than 600% (Haque 1993).

Effect of heat treatments on the peptides profile in
hydrolyzates and enriched milk
It was assumed that there may be changes taking place
in the peptides present in hydrolyzate and enriched
milks during condensing, spray drying and sterilization
due to heat treatments. Therefore, an attempt was made
to assess the changes in the peptides after different heat
treatments by electrophoresis. Hydrolyzates of 10% WP
solution with DH of 5% was subjected to different treat-
ments like freeze drying, boiling for 30 min and spray
drying. Similarly, toned milk enriched with 40% (v/v) of
this hydrolyzate was also freeze dried, vacuum con-
densed up to 35–40% TS and spray dried. Toned milk
enriched with 20 and 40% (v/v) hydrolyzate was homog-
enized at 1500 psi after preheating to around 65 °C.
Thereafter, in-bottle sterilization of the enriched milk
with and without the addition of 0.01% sodium citrate
was carried out in an autoclave at 15 psi for 15 min
(121 °C). Control toned milk did not coagulate, whereas
enriched milk coagulated during sterilization. It is as-
sumed that the added WP hydrolyzate in enriched milk
may be the reason for the lower heat stability of the
enriched milk. Early (1998) reported that casein tends to
precipitate if milk is subjected to temperatures > 100 °C
for a long time period. Even addition of sodium citrate
did not improve the heat stability. Therefore, it is rec-
ommended that enriched milk samples should not be
sterilized, but must be pasteurized to use as fluid
enriched milk. However, enriched milk may be spray
dried for longer shelf life. Subtil et al. (2014) successfully
spray dried hydrolysed casein using gum Arabic as the
carrier agent, in order to decrease the bitter taste.
Electrophoretic studies were carried out to evaluate

changes in peptide profiles of these samples. Figure 3 il-
lustrates the electropherograms of WPC, hydrolyzates,
toned and enriched milk samples after different treat-
ments. Control samples of whole WPC, hydrolyzate,
toned milk enriched with 40% (v/v) of this hydrolyzate
and toned milk were run through lanes 2, 3, 7 and 8, re-
spectively; while treated samples were run in lanes 4,5
and 6. The electropherogram reflected minimal changes
taking place in the samples due to heating and freeze
drying of the hydrolyzates. Similarly, no differences were
observed in the lower molecular weight peptides of
freeze dried milk (lane 6) and enriched milk (lane 7),

Table 3 Physico-chemical characteristics of enriched and toned
milks

Attributes (%) Samples

Toned milk Enriched milk

Moisture 87.96 ± 1.05 87.32 ± 1.20

Protein 3.46 ± 0.11 4.70 ± 0.14

Ash 0.770 ± 0.014 0.775 ± 0.007

Fat 3.1 ± 0.07 3.0 ± 0.07

Lactose (by difference) 4.71 ± 0.06 4.20 ± 0.05

Acidity 0.15 ± 0.01 0.16 ± 0.01

pH 6.45 ± 0.05 6.64 ± 0.04

Viscosity (centipoises) 1.787 ± 0.003 2.146 ± 0.006

Rate of creaming (%) 90.9 ± 2.50 60.6 ± 1.80

Results expressed as Mean ± S.D; n = 3
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indicating once again no changes taking place in the
lower molecular weight peptides of the enriched milk.
In our study, neither freeze drying nor heating showed

any significant changes in peptide profile. This may be
because the peptides are mostly in their primary struc-
ture and heat denaturation does not involve the breaking
or changes in peptide bonds and thus could not be ob-
served electrophoretically. The hydrolyzate and enriched
milks were heated to more than 70 °C and denaturation
of whey proteins commence at temperatures greater
than 65 °C followed by aggregation and precipitation. In
milk systems, these denatured whey proteins remain in
suspension, becoming attached to the casein micelles.
This may be the reason for the protein bands of α-
lactalbumin, β-lactoglobulin to appear to be less promin-
ent after the different treatments in the present
electrophoretic studies. Thus, in the present electrophor-
etic study, no changes were observed in the peptide pro-
files of the hydrolyzates and enriched milks after
subjecting to different treatments like freeze drying, boil-
ing, concentration and spray drying, which showed that
the enriched milk could be spray dried without any sig-
nificant loss in the peptides in the dried product.

Reversed-phase high-performance liquid
chromatographic (RP-HPLC) analysis
To confirm peptide profiles obtained by electrophoresis,
five samples were analyzed by RP-HPLC technique.
Figure 4e shows the superimposition of RP-HPLC
Chromatograms of WPH, Toned Milk (TM) and
Enriched milk with 20% hydrolyzates (EM20). All the
chromatograms showed some common peaks, which
eluted between 3 and 35min. However, in the WPH
chromatogram, 3 major peaks were seen with retention

time at 8.5, 10.36 and 20.2 min. These 3 peaks are absent
in the chromatogram of TM, but can be clearly seen in
the chromatogram of EM20. Thus, it is confirmed that
these 3 peaks corresponding to the new peptides formed
have been contributed by the WPH in the enriched milk.
The number of peaks in EM was more than in TM.
Similarly, Fig. 4f exhibits the superimposition of RP-

HPLC chromatograms milk enriched with the 40%
hydrolyzate (EM40). The peak areas of the 3 peptides
contributed by the WP hydrolyzate increased in EM40.
Thus, increasing the level of incorporation of hydroly-
zate from 20 to 40% clearly shows the increase in the
amount of peptides in enriched milk. This higher level
(40%) of hydrolyzate incorporation was found to give an
acceptable product of enriched milk without perceivable
bitterness with 1% starch as a masking agent along with
flavour and 7% sugar (results not shown).
Hernandez-Ledesma et al. (2005) separated and char-

acterized whey proteins by RP-HPLC. Similarly, analyt-
ical identification and separation of peptides in various
food products including protein hydrolyzates, dairy and
meat products have been attempted by several investiga-
tors through RP-HPLC technique according to their
hydrophobicity, molecular size and net charge (Fenelon
et al. 2000). In the present study, the presence of pep-
tides in the hydrolyzate and its higher presence in the
enriched milk than milk were confirmed by RP-HPLC
analysis.

ACE inhibitory activity
ACE inhibitory activity of the tested samples are shown
in Fig. 5. Maximum ACE inhibition (% IACE) was ob-
served in WP hydrolyzate, followed by enriched milk
(EM20), toned milk and WP solution. The difference in

Fig. 3 Tricine SDS-PAGE of WPC, hydrolyzate, toned and enriched milk samples after different treatments. Lane 1 - Standard; lane 2 - whole WPC;
lane 3, 4, 5 – hydrolyzate, boiled, freeze dried hydrolyzate, respectively; lane 6 -freeze dried enriched milk; lane 7 - enriched milk; lane 8 -
toned milk
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the % IACE among the samples were significantly (p <
0.01) different. The high ACE-inhibitory activity of the
hydrolyzate could be due to the presence of peptides re-
leased due to enzymatic hydrolysis of whey proteins.
Goudarzi et al. (2012) reported the release of ACE in-
hibitory peptides from whey proteins due to both

enzymatic hydrolysis and fermentation processes. The
enriched milk had the next highest ACE inhibitory activ-
ity. This may be due to the addition of hydrolyzates into
the milk indicating ACE inhibitory peptides were still in-
tact and active, even after the pasteurization process.
Slightly higher activity in toned milk than whole whey
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Fig. 4 e RP-HPLC profile of whey proteins and peptides in WPH, toned milk and enriched milk with 20% (v/v) hydrolyzate (EM20) and f 40% (v/v)
hydrolyzate (EM40)
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protein solution may be because of casein and other
milk components.
Angiotensin-I-converting enzyme (ACE) is a key en-

zyme in the regulation of peripheral blood pressure
(Tavares et al. 2011a, b). A strong ACE inhibitory activity
of more than 70% (at 1mg/ mL) was obtained after diges-
tion of casein with trypsin, thermolysin (Koli 2004).
Hernandez-Ledesma et al. (2003) reported the % IACE
value of whey from full fat yogurt, skimmed yogurt and in-
fant formula to be 43.4, 39.5 and 87.2%, respectively.
Pihlanto-Leppälä et al. (2000) characterized the peptides
with ACE inhibitory property from whey protein digests.
They found that peptides in hydrolyzates have more ACE
inhibition activity in comparison with the whole WPC.
Furthermore, Foltz et al. (2009) showed that the tripeptide
Ile-Pro-Pro, an ACE-inhibitory peptide, selectively escapes
from intestinal degradation and reaches the circulation
undegraded, which is a promising finding.
Thus, WP hydrolyzate contains peptides that are poten-

tial ACE-inhibiting agents. The present study also showed
that 10% protein hydrolyzate with DH of 5% had very
good ACE-inhibiting activity and when incorporated into
milk at an acceptable level of 20% (v/v), can increase the
ACE-inhibiting activity of the milk, thus improving its bio-
logical property of increased antihypertensive activity.

Conclusion
Generation of low-molecular-weight peptides using con-
trolled enzymatic hydrolysis of whey protein concentrate is a
good approach to obtain functional ingredients which can be
incorporated in the food to enhance health benefits. This
study elaborates the conditions to obtain maximum number
of lower molecular weight peptides from whey proteins,
which can be used in milk to increase its beneficial effect. Ei-
ther hydrolyzates of 10% WP with DH of 5% could be incor-
porated up to 20% (v/v) or hydrolyzates of 15% whey protein
with DH of 7% could be incorporated up to 10% (v/v) into

toned milk without any bitter taste. This is our recommen-
dation/suggestion to acquire maximum number of small
peptides in the hydrolyzate for mixing in the 3% fat milk.
Further research is required on debittering techniques that
would further allow increasing the amount of peptides sup-
plement. This study is expected to boost the opportunity for
the dairy industry to venture further into the nutraceutical
dairy market.
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