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Evaluation of antigenicity 
and nutritional properties 
of enzymatically hydrolyzed cow 
milk
Xiaona Liang1,2, Guanlin Qian1,2, Jing Sun1, Mei Yang1, Xinyang Shi1, Hui Yang1, Junrui Wu1, 
Zongzhou Wang1, Yan Zheng1* & Xiqing Yue1*

While enzymatic hydrolysis is an effective method for lowering the antigenicity of cow milk (CM), 
research regarding the antigenicity and nutritional traits of CM hydrolysate is limited. Here, we 
evaluated the protein content, amino acid composition, sensory traits, color, flow behavior, and 
antigenicity of CM following enzymatic hydrolysis. The results showed that enzymatic hydrolysis 
increased the degree of hydrolysis, destroyed allergenic proteins, including casein, β-lactoglobulin, 
and ɑ-lactalbumin, and significantly increased the content of free amino acids and nutritional 
quality. In particular, the antigenicity of CM was significantly reduced from 44.05 to 86.55% (P < 0.5). 
Simultaneously, the taste, color, and flow behavior of CM were altered, the sweetness and richness 
intensity decreased significantly (P < 0.5), and astringency and bitterness were produced. A slightly 
darker and more yellow color was observed in CM hydrolysate. In addition, apparent viscosity 
decreased and shear stress significantly increased with increasing shear rate intensity. The results 
will provide a solid theoretical foundation for the development of high-quality hypoallergenic dairy 
products.

Cow milk (CM) is a typically white or yellow biological fluid with unique components and complexity, and 
is secreted from the mammary glands of cows. It is an indispensable part of a nutritional diet for infants and 
children, and it contains a variety of nutrients and bioactive factors, which play important roles in the immune 
system, growth and development, prevention of virus colonization, and regulation of the intestinal microflora1. 
Moreover, CM is one of the most important foods in the adult diet. However, cow milk allergy (CMA), which 
affects the digestion and absorption of nutrients in humans and animals, limits the use of CM and CM products.

The incidence of CMA is increasing worldwide2. CMA is one of the major causes of food hypersensitivity in 
infants and children, which might progress into other atopic diseases such as other food allergies, rhinitis, asthma, 
and early atopic dermatitis3. Approximately 2–6% of infants and children exhibit CMA in the first years of life4. 
CMA is closely related to a broad spectrum of IgE-mediated and non-IgE-mediated hypersensitivity disorders. 
Among them, the clinical signs of CMA involving IgE-mediated reactions are expressed mostly as immediate 
symptoms, which might affect the skin, respiratory tract, gastrointestinal tract, or systemic anaphylactic shock, 
such as urticaria and eczema, asthma, rhinoconjunctivitis, vomiting, diarrhea, and colic5.

The allergenicity of CM is associated with its protein constituents, of which casein (CN), β-lactoglobulin 
(BLG), and ɑ-lactalbumin (ALA) are the most prominent allergens recognized by human IgE6. Bovine serum 
albumin (BSA), lactoferrin (LF), immunoglobulins (Igs), and low-content proteins might also be capable of 
inducing CMA7. CMA awareness is a health concern, and the only therapy available is allergen avoidance8, 
which can be achieved through allergen destruction. Thus, developing an effective processing method that can 
destroy allergens and reduce or eliminate the potential antigenicity of CM is necessary for individuals with CMA.

Currently, many methods to reduce food protein allergenicity are available, including thermal and nonthermal 
strategies9. Among them, thermal treatment is a common strategy to reduce food allergens, but it might destroy 
the quality and nutritional properties of the food10. Nonthermal treatment has recently received more attention, 
as it can not only effectively reduce the allergenicity but also could retain the nutritional and sensory proper-
ties of food. The most popular nonthermal treatments include high-pressure treatment11, gamma irradiation12, 
and enzymatic hydrolysis13. Gamma irradiation is a useful physical technique for reducing or eliminating the 
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allergenicity of certain milk allergens14. Some studies have demonstrated a significant reduction in IgE-binding 
capacity to BLG with irradiation at 10 kGy15. Although irradiation has been applied to the field of food produc-
tion, it is not well accepted by consumers who are not knowledgeable of this technology. While Lima et al. sug-
gested that high-pressure treatment can lower the antigenicity and allergenicity of food proteins and maintain the 
original flavor and inherent nutritional quality of food, this treatment method is limited to certain types of food16. 
Enzymatic hydrolysis is a widely accepted and safe technology for reducing the allergenicity of food proteins17. 
During enzymatic hydrolysis, some proteins are destroyed, and the peptide or disulfide bonds are broken, which 
leads to the collapse of conformational and sequential epitopes, which reduces or eliminates the allergenicity of 
food18. Cabanillas et al. investigated the effects of enzymatic treatment on the immunological reactivity of mem-
bers of the Leguminosae family in vitro. Results showed a significant decrease in IgE reactivity and Ara h 1, Ara 
h 2, and Ara h 3 levels in the first 30 min of hydrolyzation with Alcalase19. In addition, Duan et al. showed that 
the allergenicity of whey protein concentrate (WPC) could be significantly reduced by hydrolysis with trypsin20.

During the enzymatic hydrolysis treatment, many new peptides are produced, and the nutritional quality, 
taste, and color of food can be altered21. To the best of our knowledge, previous studies have only focused on 
the immunoreactivity of certain proteins in CM, and information about the effects of enzymatic hydrolysis on 
the immunoreactivity, nutritional quality, taste, color, and rheological properties of natural CM is rare. In this 
study, the effects of enzymatic hydrolysis on the immunoreactivity, protein pattern, amino acid (AA) composi-
tion, taste, color, and rheological properties of natural CM were systematically evaluated. This work will provide 
a theoretical foundation for the development of high-quality hypoallergenic dairy products.

Materials and methods
Chemicals and reagents.  CN (purity > 85%), ALA (purity > 85%), BLG (purity > 85%), o-phthalaldehyde, 
o-phenylenediamine dihydrochloride, dithiothreitol, and gelatin were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Alcalase (catalytic activity: 105,466 U/g), Protamex (catalytic activity: 144,524 U/g), and Flavour-
zyme (catalytic activity: 20,786 U/g) were obtained from Novozymes (Bagsvaerd, Denmark).

Polyclonal antibody production.  Rabbit serum comprising polyclonal antibodies targeting CM was pre-
pared at laboratory of the Shenyang Agricultural University (Liaoning, China), which according to the method 
described by Oliveira et al.22. All experimental protocols were approved by the Ethical Committee for the Experi-
mental Use of Animals at Shenyang Agricultural University (License No. SYXK < Liao > 2011-0001). All methods 
were carried out in accordance with the guidelines for the Care and Use of Laboratory Animals published by the 
U.S. National Institutes of Health (NIH Publication 85-23, 1996). The study followed the recommendations in 
the ARRIVE guidelines. Briefly, rabbits (New Zealand, male, 6–8 weeks), which were firstly administrated with 
CM (1 mg dissolved in 0.5 ml saline and 0.5 ml complete Freund’s adjuvant, 0 weeks), and then booster injec-
tions (1 mg dissolved in 0.5 ml saline and 0.5 ml incomplete Freund’s adjuvant), which were administrated at 
2, 4, 6, 8 weeks. The rabbits were humanely euthanized, which according to the American Veterinary Medical 
Association (AVMA) Guidelines for the Euthanasia of Animals (2020), the polyclonal antibodies were collected 
and stored at − 80 °C until further use.

Sample collection.  Skim CM was provided by a local farm in Shenyang (Liaoning, China). CM was col-
lected from 60 healthy Holstein cows (2–5 years of age). The samples were transported to the laboratory and 
stored at − 80 °C before analysis. The collection of samples was approved by the Shenyang Agricultural Univer-
sity, Chinese Human Research Ethical Committee, and all experiments were performed according to Chinese 
laws and institutional guidelines.

Enzymatic hydrolysis.  Alcalase, Protamex, and Flavourzyme were diluted to 100 mg/mL with distilled 
water. The skim CM was preheated for 20  min at the optimal temperature (Alcalase: 55 ± 5  °C; Protamex; 
50 ± 5 °C; Flavourzyme: 50 ± 5 °C). Then, followed by the addition of enzyme solutions according to the enzyme 
activity to substrate ratio (Alcalase, Protamex, and Flavourzyme was 10,000 U/g, 10,000 U/g, and 6,000 U/g, 
respectively). The mixture solutions were continuously stirred and the reaction was terminated by heating the 
solution at 90–100 °C for 10 min and cooling on ice water. The solutions were centrifuged at 5000 × g for 10 min 
and stored at − 80 °C until use.

Determination of the degree of hydrolysis.  The degree of hydrolysis (DH) of the hydrolysates was 
evaluated using the OPA method, according to the method of23. In brief, 400 μL of sample was added to 3 mL of 
OPA solution, the mixture was combined by inversion and incubated for 2 min at room temperature in the dark. 
A serine solution (100 μg/mL) was used as a standard control. The absorbance was measured at 340 nm using a 
spectrophotometer.

Trisine SDS‑PAGE.  SDS-PAGE was performed according to the procedure described by24. Stacking and 
separating gels were prepared using 3% and 15% acrylamide concentrations, respectively. The samples were 
added to the loading buffer, and the mixtures were heated in boiling water for 10 min. The protein (15 μg) was 
transferred to each well, and the gels were stained with Coomassie Brilliant Blue G-250 after electrophoresis. 
Image analysis was performed using a gel scanner (Amersham Pharmacia Biotech, Uppsala, Sweden).

Enzyme‑linked immunosorbent assay (ELISA).  IgG-binding capacity was determined by ELISA, 
according to the method described by25, with minor modifications. A 96-well microtiter plate was coated with 
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100 µg/mL protein in phosphate-buffered saline (PBS) overnight at 4 °C. Then, the plate was washed three times 
with PBS containing 0.05% Tween 20 (PBST), followed by blocking with 3% gelatin in PBS for 1 h at 37 °C. The 
plate was washed, and incubated with serum from rabbits allergic to CM (100 μL; 1:1,000 in PBS) for 1 h at 37 °C. 
After washing, HRP-labeled goat anti-rabbit IgG antibody was added to the plate (100 μL; 1:5000 in PBS) for 1 h 
at 37 °C. After washing, OPD was added and incubated for 15 min at 37 °C in the dark. The reaction was stopped 
by adding 50 μL of 2 mol/L H2SO4. The absorbance was measured at 490 nm using an ELISA reader (BioRad, 
Hercules, CA).

Determination of total protein content.  The total protein content was measured using the Quick Start 
Bradford Assay kit (BioRad), in accordance with the manufacturer’s instructions26. BSA was used as the stand-
ard.

Determination of AA composition.  AA composition analysis was performed using Agilent 1200 HPLC 
(Agilent Technologies, Madrid, Spain), according to the method of27. Chromatographic separation (Fig. 1) was 
performed using a Zorbax Eclipse XDB C18 column (5 mm) and an Agilent guard cartridge C18 (5 mm). Sample 
(50 µL) was added to the column and eluted at a flow rate of 0.9 mL min−1, according to the linear gradient used 
by28.

Evaluation of sensory characteristics.  The sensory properties of the samples were evaluated using an 
electronic tongue (ISENSO SuperTongue, USA), according to the method described by29. The sensory attributes 
of samples, including sourness, sweetness, bitterness, saltiness, umami, astringency, and richness were evaluated. 
Untreated CM samples were used as controls.

Measurement of color.  The color of the samples was determined with a chromameter (Minolta CM-
3600d, Japan), which was calibrated using a standard white and black plate; L* represents lightness, ranging from 
black to white (0.00–100.00). In addition, a positive value of a* indicates red, and a negative number indicates 
green. A positive value of b* indicates yellow, and a negative value represents blue.

Figure 1.   HPLC chromatogram of aminoenone derivatives of amino acids, ammonium ion, and biogenic 
amines at 280 nm. Standard solution (A); Representative sample (B). Met, Methionine; Val, Valine; ILE, 
Isoleucine; Leu, Leucine; Phe, Phenylalanine; Trp, Tryptophan; Lys, Lysine; Thr, Threonine; His, Histidine; Asn, 
Asparagine; Ser, Serine; Gln, Glutamine; Arg, Arginine; Gly, Glycine; Asp, Aspartic acid; Glu, Glutamic acid; 
Ala, Alanine; Pro, Proline; Cys, Cysteine; Tyr, Tyrosine.
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Determination of flow behavior.  The flow behavior of the samples was measured using a controlled 
stress rheometer (AR 2000, TA Instruments, New Castle, DE, USA) and a double concentric cylinder. The sam-
ple (3 mL) was added to the sample compartment, and the temperature was set to 25 °C during the measure-
ment. The shear rate γ was set from 0.01 to 100 s−1 for 5 min. Later, a steady-state test was carried out to record 
the variation in viscosity and shear stress against the shear rate during the experiment.

Statistical analysis.  All experiments were performed in triplicate and the results are reported as the 
mean ± standard deviation of three independent assays. Statistical calculations were performed using GraphPad 
Prism 5.0 (GraphPad Software, San Diego, CA). The statistical differences were calculated by analysis of variance 
and the Duncan test using SPSS 22.0 software (SPSS Inc., USA). In all cases, P values < 0.05 were considered 
statistically significant.

Results
Degree of hydrolysis.  The DH of enzymatic hydrolysis-treated CM (HM) produced by Alcalase, Protamex, 
and Flavourzyme was quantified using the OPA method (Fig. 2). It can be seen that the DH of Flavourzyme-
treated CM (FT) and Protamex-treated CM (PT) gradually increased with the time of enzymatic hydrolysis. 
Flavourzyme displayed the ability to hydrolyze CM, and the DH ranged from 13.87% to 31.36%. The hydrolysis 
capacity of Protamex to CM was lower, with the DH ranging from 2.99% to 6.86%. In addition, with the increase 
in enzymatic hydrolysis time, the DH of Alcalase-treated CM (AT) showed an increasing trend, and reached 
a maximum value (13.81%) after 60 min, but as the enzymatic hydrolysis time reached 90–120 min, the DH 
decreased gradually (90 min: 8.81%; 120 min: 11.43%).

SDS‑PAGE profile.  Figure 3 shows the electrophoretic patterns of CM and HM obtained with Alcalase, 
Protamex, and Flavourzyme. The electrophoretic patterns of CM showed protein bands with apparent molecular 
weights (MWs) that ranged from to 4.0 to 66.1 kDa. The electrophoretic pattern exhibited three higher intensity 
bands with apparent MWs of approximately 19.0–25.0, 18.0, and 14.0 kDa, which most likely correspond to 
CNs, BLG, and ALA, respectively, and also showed a lower density protein band that might correspond to BSA 

Figure 2.   The degree of hydrolysis (DH) of CM with different enzymatic hydrolysis time. Alcalase-treated cow 
milk (AT), Protamex-treated cow milk (PT), Flavourzyme-treated cow milk (FT). Each value represents the 
mean of three independent experiments ± SD. Different letters indicate significant differences among groups 
(P < 0.05).

Figure 3.   SDS-PAGE of CM with different enzymatic hydrolysis time. SDS-PAGE analysis. (a–c) represents 
Alcalase-treated cow milk (AT), Protamex-treated cow milk (PT), Flavourzyme-treated cow milk (FT), 
respectively. (a, c) Lane 1: marker; lane 2: CM; lane 3: 15 min; lane 4: 30 min; lane 5: 60 min; lane 6: 90 min; lane 
7: 120 min; (b) Lane 1: marker; lane 2: 15 min; lane 3: 30 min; lane 4: 60 min; lane 5: 90 min; lane 6: 120 min; 
lane 7: CM;
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(66.1 kDa). However, the electrophoretic patterns of HM showed that the protein bands for CN, BLG, and ALA 
became less visible. Among these, the protein bands for CN, BLG, and ALA in AT were not significant changed 
with increasing time. As for FT, the band of BLG vanished when the enzymatic hydrolysis time was 60 min. 
Notably, as the enzymatic hydrolysis time reached 90 min, the bands (CNs, BLG, and ALA) of PT vanished 
completely.

IgG‑binding capacity.  The IgG-binding capacity of HM was evaluated by icELISA using anti-CM rabbit 
polyclonal antibodies (Fig. 4). The IgG reactivity reduction of HM ranged from 44.05% to 86.55%. With increas-
ing time of enzymatic hydrolysis, the reduction in IgG reactivity of AT and PT did not decrease significantly 
(P > 0.05). Interestingly, the enzymatic hydrolysis time reached 15–60 min, the reduction in IgG reactivity of FT 
was 82.27%, 69.46%, and 72.94%, but when the enzymatic hydrolysis time reached 90 min, the IgG reactivity 
reduction of FT significantly increased (44.05%).

Total protein content.  Figure 5 shows that with the increase in enzymatic hydrolysis time, the total protein 
content was significantly reduced (P < 0.05). Among these, the content of FT was significantly lower than that of 
AT and PT (P < 0.05).

AA composition.  The AA composition was analyzed using HPLC. The total free amino acid (TFAA) of 
HM significantly increased (P < 0.05) in comparison with CM (Fig.  6). The content of essential amino acids 
(EAAs) and non-essential amino acids (non-EAAs) significantly increased with time. Furthermore, the content 
of TFAAs in FT was higher than those of AT and PT. With respect to the AT, when the enzymatic hydrolysis time 
reached 120 min, there was a significant increase in the content of Thr, Tyr, Glu, Asp, Ile, and Leu, with levels 
approximately 104.79-fold (Thr), 49.85-fold (Tyr), 43.63-fold (Glu), 43.59-fold (Asp), 38.60-fold (Ile), and 37.40-
fold (Leu) higher than that in CM. The PT levels were approximately 96.69-fold (Ile), 56.45-fold (Glu), 39.43-

Figure 4.   IgG reactivity of CM hydrolyzed with different enzymatic hydrolysis time. Alcalase-treated cow milk 
(AT), Protamex-treated cow milk (PT), Flavourzyme-treated cow milk (FT). Each value represents the mean of 
three independent experiments ± SD. Different letters indicate significant differences among groups (P < 0.05).

Figure 5.   Effect of different enzymatic hydrolysis on the total protein of cow milk (mg/mL). Alcalase-treated 
cow milk (AT), Protamex-treated cow milk (PT), Flavourzyme-treated cow milk (FT). Each value represents 
the mean of three independent experiments ± SD. Different letters indicate significant differences among groups 
(P < 0.05).
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fold (Thr), 33.09-fold (33.09), and 29.58 (Tyr) higher than that of CM. There was a significant increase in the 
content of His, Thr, Tyr, Phe, Leu, and Glu for FT, with the levels approximately 1344.77-fold (His), 605.45-fold 
(Thr), 520. 06-fold (Tyr), 511.41-fold (Phe), 285.03-fold (Leu), and 151.48-fold (Glu) higher than that in CM.

PCA of EAAs and non-EAAs showed that two principal components, the cumulative explained variance, 
was 40.6%, indicating that these two principal components could not be distinguished between CM and HM 
(Fig. 7). PC1 mainly contained Met, Val, Leu, Phe, Thr, His, Gln, Arg, and Tyr. PC2 principally included Ile, Leu, 
Lys, Gly, Asp, Glu, Pro, and Cys. Figure 8 shows the Pearson correlations between the 20 AAs in the CM and 
HM. Of these correlations, 195 were positive and 5 were negative (AT), 177 were positive and 23 were negative 
(PT), and 200 were positive (FT). In the correlations of AT, Cys and Gln had the largest positive autocorrelation 
(0.98474), Ser and Met had the lowest negative autocorrelation (-0.16879); for PT, Ile and Glu had the largest 
positive autocorrelation (0.99515), Val and Leu had the lowest negative autocorrelation (-0.85023). As for FT, Asn 
and Met had the largest positive autocorrelation (0.99929), Trp and Lys had the lowest negative autocorrelation 
(0.37417). In order to compare the expression patterns of AAs from CM and HM, hierarchical cluster analysis 
was used to analyze the significant, differentially expressed AAs (Fig. 9).

Taste.  The sensory characteristics of CM and HM were determined using an electronic tongue (e-tongue). 
High intensity positive tastes, such as sweetness, richness, and umami, were found in CM (Fig. 10). Negative 

Figure 6.   The content of amino acids of CM, AT (A), PT (B) and FT (C). Alcalase-treated cow milk (AT), 
Protamex-treated cow milk (PT), Flavourzyme-treated cow milk (FT). Essential amino acids (EAAs); Non-
essential amino acids (Non-EAAs).
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tastes, such as sourness, an aftertaste of bitterness (aftertaste-B), and astringency were observed in HM, show-
ing an increasing trend over time. In particular, the sweetness of AT, PT, and FT significantly decreased in 
comparison with CM (P < 0.05). Figure 10D shows that AT, PT, FT, and CM can be clearly distinguished in the 
PCA score plot. FT showed saltiness and bitterness, and PT had a slight sourness, and AT had heavy astringency 
and an aftertaste of astringency (aftertaste-A). Additionally, Fig. 10E shows a significant correlation between the 
sensory characteristics of AT, PT, FT, and CM. Among these correlations, 15 were positive and the remaining 21 
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Figure 7.   PCA score plot (A) and PCA correlation loadings plot (B) of the principal components of free amino 
acids from CM, AT, PT and FT. Alcalase-treated cow milk (AT), Protamex-treated cow milk (PT), Flavourzyme-
treated cow milk (FT). Each dot represents identified and quantified free amino acids.
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were negative. The largest positive autocorrelation was observed between saltiness and aftertaste-B (0.91340), 
whereas the lowest negative autocorrelation was found between richness and astringency (-0.96508).

Color.  The results of L*, a*, and b* values of CM, AT, PT, and FT are shown in Fig.  11. CM had a high 
L*(71.94) and low a* (− 2.50) and b*(− 3.02), and the colors of AT, PT, and FT were distinctly different from that 
of CM. In addition, AT, PT, and FT had a significant decrease in L*, and a significant increase in a* and b* at 
different enzymatic hydrolysis times. Interestingly, as enzymatic hydrolysis time reached 120 min, the b* of AT, 
PT, and FT reached minimum values (− 1.686, − 1.146, and − 0.156, respectively). PT (90 min), AT, and FT (all 
120 min) achieved maximum values (− 0.22, − 0.11, and − 0.06, respectively) in a*; in contrast, their L* values 
were 34.35, 34.10, and 33.65, respectively, which were the lowest values obtained.

Flow behavior.  The relationship between shear rate and shear stress or apparent viscosity of CM, AT, PT, and 
FT were assessed (Fig. 12). The trend of the relationship between shear rate and apparent viscosity was similar 
among CM and AT, PT, or FT. Generally, apparent viscosity decreased with the increasing intensity of shear rate, 
and the apparent viscosity gradually stabilized when the shear rate reached a high level (0.10–10.00 S−1), which 
exhibited pseudoplastic fluid behavior. At a lower shear rate (0.01–0.10  S−1) the apparent viscosity decreased 
sharply and the shear thinning effects were observed.

Figure 8.   Correlation analysis of amino acids in AT (A), PT (B) and FT (C). Alcalase-treated cow milk (AT), 
Protamex-treated cow milk (PT), Flavourzyme-treated cow milk (FT).
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Furthermore, the shear stress significantly increased with the intensity reinforcement of the shear rate 
(Fig. 12A,C,E). Notably, when CM was incubated with Alcalase, Protamex, and Flavourzyme, and enzymatic 
hydrolysis time was 90 min, 60 min, and 15 min, respectively, and the apparent viscosity and shear stress reached 
high levels.

Discussion
Many strategies have been widely used to improve the functional properties of food, including chemical and 
enzymatic modifications, but enzymatic hydrolysis might be the preferable method due to milder process con-
ditions, higher specificity, and minimal by-product generation during the reaction30. Moreover, Wróblewska 
et al. suggested that enzymatic hydrolysis is the most effective method to alter the immunoreactivity of food 
proteins31. In addition, Yang et al. demonstrated that enzymatic hydrolysis is a safe and mild process method, 
which can break peptide and disulfide bonds and result in the collapse of conformational and linear epitopes, 
destroying the allergenic proteins. Most importantly, it does not reduce the nutritional quality or destroy the 
nutritional composition32. In the present study, we found that CM proteins were more sensitive to Flavourzyme 
and exhibited a higher DH. While Alcalase and Protamex showed a lower DH than Flavourzyme, the DH did 
not increase with time. Similarly, some studies have indicated that limited hydrolysis, ranging from 1.0 to 15.0%, 
was needed, which was beneficial for improving the functional properties of food33.

Enzymatic hydrolysis is the process of using certain digestive enzymes to break down the peptide bonds of 
proteins and convert the whole protein into smaller peptide fragments. However, the species of enzymes are dif-
ferent, and the degradation abilities of these enzymes also vary34. Our findings showed that the electrophoretic 
patterns of HM became less visible with increasing time, especially the bands of PT, which vanished completely 
with increasing enzymatic hydrolysis time. Some studies have reported that the protein bands of AT became less 
visible, compared to WPC, and a large amount of high MW proteins decreased, with many peptide bands below 
14.0 kDa35. Previous studies have demonstrated that WPC obtained from Alcalase (0.6 L) generates lower MW 
peptides, ranging from 10.0–20.0 kDa36.

During the enzymatic hydrolysis reaction, the structure of food allergens is altered, which interferes with 
the antigen–antibody complex-forming ability. In the present study, we found that the IgG-binding capacity of 
HM was significantly reduced. Thus, we speculated that this might be due to the splitting of epitope sequences 
during enzymatic hydrolysis. Similar research carried out by Jordan et al. suggested that enzymatic hydrolysis 
could damage or destroy antigenic epitopes of allergenic proteins, resulting in the reduction of IgG-binding 
capacity and immunoreactivity37. In addition, Villas-Boas et al. indicated that enzymatic hydrolysis reduced the 
amount of allergenic epitopes, and the IgE or IgG-binding ability of β-LG could be significantly decreased38. 
Jing et al. showed that reduction of the IgE-binding ability of ALA and BLG in CM was reduced, ranging from 
15.0 to 90.0%39. These findings are in line with the DH of CM obtained with Alcalase, Protamex, and Flavour-
zyme, indicating that enzymatic hydrolysis is an effective method to reduce the immunoreactivity of CM. Taken 
together, enzymatic hydrolysis could effectively reduce the immunoreactivity of CM, but the effect of enzymatic 
hydrolysis on the nutritional properties of natural CM should be further studied.

The contents of the total protein and AA composition were systematically analyzed in our study. Our find-
ings showed that the total protein content was significantly lower than that of CM, and the content of FT was 
significantly lower than that of AT and PT. These results are consistent with the DH of AT, PT, and FT. The reason 
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might be that Flavourzyme was obtained by the controlled fermentation of Aspergillus oryzae, which is a mixture 
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of proteases with both exo- and endo-peptidase activities, which can accelerate protein hydrolysis40. Some studies 
have demonstrated that Alcalase mainly catalyzes the amide bond formed by the carboxyl group of hydrophobic 
AAs, hydrolyzes the peptide bonds inside the protein, and generates polypeptides with relatively small MWs41.

AAs are important nutrients in the body, and most people in developed countries get enough AAs from pro-
teins in the diet42. The composition of EAAs and non-EAAs were evaluated in this study, and it was found that 
the TFAAs of HM significantly increased, and the content of TFAAs in FT was higher than those of AT and PT. 
Previous studies have suggested that the AAs of hydrolysates depend on the manufacturing technology, such as 
the type of enzymes, enzymatic conditions, and the extent of proteolysis43. Yvon & Rijnen evaluated the hydro-
lysates of cheese, and found that the content of EAAs and non-EAAs varied significantly according to the extent 
of proteolysis44. In particular, we found that the Thr, Leu, Ile, Trp, His, Glu, and Tyr in HM were significantly 
higher than those in CM. Liang et al. reported that FAAs could be directly absorbed by the human body, which 
helps the body regulate the immune system and provide energy for the body and brain45. Baldeón et al. observed 
that the content, composition, and ratio of FAAs could reflect the nutritional value of food products46. In addi-
tion, recent studies have indicated that Trp can promote the growth and development of infants and children, 
enhance intelligence, and even play a significant role in the treatment of diseases such as cancer47. Zhang et al. 
suggested that His is very important for infant growth and development, which can promote the early develop-
ment of immune system function of infants, strengthen physiological metabolism, stabilize the utilization rhythm 
of proteins in the body, and promote body development in infants48. Therefore, our findings provide a theoretical 
foundation for the development of functional and hypoallergenic dairy products.

Figure 11.   Color measurement L* (A), a* (B), b*(C) of CM, AT, PT and FT. Alcalase-treated cow milk (AT), 
Protamex-treated cow milk (PT), Flavourzyme-treated cow milk (FT).
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Taste is an important characteristic of CM products, with a good taste being a key factor in gaining the favor 
of consumers. Thus, the effect of Alcalase, Protamex, and Flavourzyme treatment on the taste of CM was evalu-
ated in this study. Our results showed that sourness, aftertaste-B, and astringency were observed in HM, and 
the sweetness significantly decreased, which indicated that enzymatic hydrolysis with Alcalase, Protamex, and 
Flavourzyme significantly affected the taste profile of CM. This may be due to the break-down of proteins, which 
results in the release of a large amount of FAAs and small-molecule peptides with different taste characteristics49. 
Similarly, Phat et al. reported that the different taste of peanut meal hydrolysates might be due to different com-
positions of FAAs and polypeptides50.

Here, color parameters indicated that the color of HM is significantly different to that of CM (lower L*, and 
higher b* and a* values). This phenomenon occurred because the protein micelles changed into smaller parti-
cles during enzymatic hydrolysis. Furthermore, the change in color could be beneficial for incorporation into 
certain foods, such as cookies and extruded snacks51. A similar result was obtained by52, who indicated that a 
significant decrease in L* values were observed in camel milk treated with ultra-high pressure, which is in line 
with our findings.

Flow behavior can be used to describe and measure the texture of products; it can not only accurately reflect 
the essential properties of food, but also guide the development of CM products. The findings of the present 
study showed that the relationship between the shear rate and apparent viscosity of HM is similar to that of CM, 
and with the increase in shear rate intensity, the apparent viscosity decreased, while shear stress significantly 
increased. Falcone et al. suggested that the change in apparent viscosity and shear stress is closely related to the 
shear rate, and the change in apparent viscosity and shear stress might be caused by changes in the shape of CN 

Figure 12.   The shear stress and viscosity of CM, AT (A, B), PT (C, D) and FT (E, F). Alcalase-treated cow milk 
(AT), Protamex-treated cow milk (PT), Flavourzyme-treated cow milk (FT).
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and other dispersion system particles during enzymatic hydrolysis53. Deshpande et al. also reported that the 
viscosity of dairy products changed because the shear stress destroyed the non-covalent interaction that formed 
the aggregates54.

In conclusion, our findings indicated that enzymatic hydrolysis treatment with Alcalase, Protamex, and 
Flavourzyme destroyed allergenic proteins, effectively reduced the immunoreactivity of CM, and increased the 
FAA content and nutritional quality. In particular, the antigenicity of CM was significantly reduced from 44.05% 
to 86.55%. Simultaneously, the taste, color, and flow behavior of CM were altered, the sweetness and richness 
intensity of HM significantly decreased, and astringency and bitterness were produced. A slight darker and 
more yellow color was observed in CM hydrolysate. In addition, apparent viscosity decreased and shear stress 
significantly increased with increasing shear rate intensity. The results will provide a solid theoretical foundation 
for the development of high-quality hypoallergenic dairy products.

Received: 30 April 2021; Accepted: 31 August 2021

References
	 1.	 Yang, M., Song, D., Cao, X., Wu, R. & Liu, B. Comparative proteomic analysis of milk-derived exosomes in human and bovine 

colostrum and mature milk samples by iTRAQ-coupled LC-MS/MS—ScienceDirect. Food Res Int 92, 17–25 (2017).
	 2.	 Koplin, J. J. & Wang, Y. The epidemiology of food allergy. Curr. Pediatr. Rep. 4, 117–128 (2016).
	 3.	 Ozol, D. & Mete, E. Asthma and food allergy. Nutr. Rev. 56, S153–S160 (2010).
	 4.	 Sackesen, C. et al. Cow’s milk allergy as a global challenge. Curr. Opin. Allergy Clin. Immunol. 11, 243–248 (2011).
	 5.	 Sampson, H. A. Update on food allergy. J. Allergy Clin. Immunol. 113, 805–819 (2004).
	 6.	 Arne, H. & Susanne, H. Cow’s milk allergy: Where have we come from and where are we going?. Endocr. Metab. Immune Disord. 

Drug Targets Former. Curr. Drug Targets 14(1), 2–8 (2014).
	 7.	 Wal, J. M. Cow’s milk allergens. Allergy 53, 1013–1022 (2010).
	 8.	 Sharma, S., Kumar, P., Betzel, C. & Singh, T. P. Structure and function of proteins involved in milk allergies. J. Chromatogr. B 

Biomed. Sci. Appl. 756, 183–187 (2001).
	 9.	 Verhoeckx, K. C. M., Vissers, Y. M., Baumert, J. L., Faludi, R. & Kimber, I. Food processing and allergenicity. Food Chem. Toxicol. 

80, 223–240 (2015).
	10.	 Fiocchi, A., Bouygue, G. R., Sarratud, T., Terracciano, L. & Restani, P. Clinical tolerance of processed foods. Ann. Allergy Asthma 

Immunol. Off. Publ. Am. Coll. Allergy Asthma Immunol. 93, S38-46 (2004).
	11.	 Jin, Y. et al. Allergenic response to squid (Todarodes pacificus) tropomyosin Tod p1 structure modifications induced by high 

hydrostatic pressure. Food Chem. Toxicol. 76, 86–93 (2015).
	12.	 Vaz, A. F. M. et al. Low-dose gamma irradiation of food protein increases its allergenicity in a chronic oral challenge. Food Chem. 

Toxicol. 51, 46–52 (2013).
	13.	 Kasera, R., Singh, A. B., Lavasa, S., Prasad, K. N. & Arora, N. Enzymatic hydrolysis: A method in alleviating legume allergenicity. 

Food Chem. Toxicol. 76, 54–60 (2015).
	14.	 Odueke, O. B., Farag, K. W., Baines, R. N. & Chadd, S. A. Irradiation Applications in dairy products: A review. Food Bioprocess. 

Technol. 9, 1–17 (2016).
	15.	 Kim, J. H. Y. Application of gamma irradiation for inhibition of food allergy. Radiat. Phys. Chem. 63, 369–370 (2002).
	16.	 Lima, J. Effects of gamma radiation on the allergenic and antigenic properties of milk proteins. J. Food Prot. 64, 272 (2001).
	17.	 Zhou, H. et al. Effects of enzymatic hydrolysis assisted by high hydrostatic pressure processing on the hydrolysis and allergenicity 

of proteins from ginkgo seeds. Food Bioprocess. Technol. 9, 1–10 (2016).
	18.	 Ramkrashan, K., Singh, B. A., Lavasa, S., Prasad, K. N. & Arora, N. Enzymatic hydrolysis: A method in alleviating legume aller-

genicity. Food Chem. Toxicol. 76, 54–60 (2015).
	19.	 Cabanillas, B. et al. Influence of enzymatic hydrolysis on the allergenicity of roasted peanut protein extract. Int. Arch. Allergy 

Immunol. 157, 41–50 (2012).
	20.	 Duan, C. C., Yang, L. J., Li, A. L., Zhao, R. & Huo, G. C. Effects of enzymatic hydrolysis on the allergenicity of whey protein con-

centrates. Iran. J. Allergy Asthma Immunol. 13, 231–239 (2014).
	21.	 Shimakura, K., Tonomura, Y., Hamada, Y., Nagashima, Y. & Shiomi, K. Allergenicity of crustacean extractives and its reduction 

by protease digestion. Food Chem. 91, 247–253 (2005).
	22.	 Oliveira, J. et al. Gut peptidases from a specialist herbivore of latex plants are capable of milk protein hydrolysis: Inputs for hypoal-

lergenic milk formulas. Food Chem. 255, 260 (2018).
	23.	 Church, F. C., Swaisgood, H. E., Porter, D. H. & Catignani, G. L. Spectrophotometric assay using o-phthaldialdehyde for determi-

nation of proteolysis in milk and isolated milk proteins. J. Dairy Sci. 66, 1219–1227 (1983).
	24.	 Laemmli, U. K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 227, 680–685 (1970).
	25.	 Huang, L. et al. Degradation of anti-nutritional factors and reduction of immunoreactivity of tempeh by co-fermentation with 

Rhizopus oligosporus RT-3 and Actinomucor elegans DCY-1. Int. J. Food Sci. Technol. 54, 1836–1848 (2019).
	26.	 Chen, X., Equi, R., Baxter, H., Berk, K. & Zale, J. A high-throughput transient gene expression system for switchgrass (Panicum 

virgatum L.) seedlings. Biotechnol. Biofuels 3, 9–9 (2010).
	27.	 Poveda, J. M., Molina, G. M. & Gómez-Alonso, S. Variability of biogenic amine and free amino acid concentrations in regionally 

produced goat milk cheeses. J. Food Compos. Anal. 51, 85–92 (2016).
	28.	 Gómez-Alonso, S., Hermosín-Gutiérrez, I. & García-Romero, E. Simultaneous HPLC analysis of biogenic amines, amino acids, 

and ammonium ion as aminoenone derivatives in wine and beer samples. J. Agric. Food Chem. 55, 608–613 (2007).
	29.	 Kang, S., Kong, F., Shi, X., Han, H. & Yue, X. Antibacterial activity and mechanism of lactobionic acid against Pseudomonas fluo-

rescens and Methicillin-resistant Staphylococcus aureus and its application on whole milk. Food Control 108, 106876 (2019).
	30.	 Kinsella, J. E. & Whitehead, D. M. Proteins in whey: Chemical, physical, and functional properties. Adv. Food Nutr. Res. 33, 343–438 

(1989).
	31.	 Wróblewska, B., Karamać, M., Amarowicz, R., Szymkiewicz, A. & Kubicka, E. Immunoreactive properties of peptide fractions of 

cow whey milk proteins after enzymatic hydrolysis. Int. J. Food Sci. Technol. 39, 839–850 (2010).
	32.	 Yang, H. et al. Germination-assisted enzymatic hydrolysis can improve the quality of soybean protein. J. Food Sci. 82, 1814–1819 

(2017).
	33.	 Vioque, J., Sánchez-Vioque, R., Clemente, A., Pedroche, J. & Millán, F. Partially hydrolyzed rapeseed protein isolates with improved 

functional properties. J. Am. Oil Chem. Soc. 77, 447–450 (2000).
	34.	 Aguirre, L., Hebert, E. M., Garro, M. S. & Graciela, S. D. G. Proteolytic activity of Lactobacillus strains on soybean proteins. LWT 

Food Sci. Technol. 59, 780–785 (2014).
	35.	 Wróblewska, B. & Troszyska, A. Enzymatic hydrolysis of cows whey milk proteins in the aspect of their utilization for the produc-

tion of hypoallergenic formulas. Pol. J. Food Nutr. Sci. 14, 349 (2005).



14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:18623  | https://doi.org/10.1038/s41598-021-98136-z

www.nature.com/scientificreports/

	36.	 Smyth, M. & Fitzgerald, R. J. Relationship between some characteristics of WPC hydrolysates and the enzyme complement in 
commercially available proteinase preparations. Int. Dairy J. 8, 819–827 (1998).

	37.	 Jordan R. E., Wagner, C. L. & Knight D. M, inventors. Method of reducing the immunogenicity of compounds. Centocor, Inc. 
(Malvern, PA) , assignee. US Pat. NO. 6, 652, 863 (2003).

	38.	 Villas-Boas, M. B., Benede, S., Zollner, R. D. L., Netto, F. M. & Molina, E. Epitopes resistance to the simulated gastrointestinal 
digestion of β-lactoglobulin submitted to two-step enzymatic modification. Food Res. Int. 72, 191–197 (2015).

	39.	 Shi, J., Luo, Y., Xiao, Y. & Li, Z. Effects of fermentation by Lactobacillus casei on the antigenicity and allergenicity of four bovine 
milk proteins. Int. Dairy J. 35(1), 75–80 (2014).

	40.	 Yang, J., Jiang, C., Bao, R., Liu, M. & Lin, X. Effects of flavourzyme addition on physicochemical properties, volatile compound 
components and microbial community succession of Suanzhayu. Int. J. Food Microbiol. 334, 108839 (2020).

	41.	 Yust, M. D. M., Pedroche, J., Millán-Linares, M. D. C., Alcaide-Hidalgo, J. M. & Millán, F. Improvement of functional properties 
of chickpea proteins by hydrolysis with immobilised Alcalase. Food Chem. 122, 1212–1217 (2010).

	42.	 J. W. F. U. E. Consultation, Protein and amino acid requirements in human nutrition. World Health Organization Technical Report, 
1 (2007).

	43.	 Pino, A., Prados, F., Galán, E., Vivo, R. & Fernández-Salguero, J. Amino acids evolution during ripening of goats’ milk cheese 
manufactured with different coagulants. Int. J. Food Sci. Technol. 44, 2062–2069 (2009).

	44.	 Yvon, M. & Rijnen, L. Cheese flavour formation by amino acid catabolism. Int. Dairy J. 11, 185–201 (2001).
	45.	 Liang, X. et al. Quantitative analysis of amino acids in human and bovine colostrum milk samples through iTRAQ labeling. J. Sci. 

Food Agric. 98(13), 5157–5163 (2018).
	46.	 Baldeón, M. E., Mennella, J. A., Flores, N., Fornasini, M. & San Gabriel, A. Free amino acid content in breast milk of adolescent 

and adult mothers in Ecuador. Springerplus 3, 104 (2014).
	47.	 Boulet, L., Faure, P., Flore, P., Monteremal, J. & Ducros, V. Simultaneous determination of tryptophan and 8 metabolites in human 

plasma by liquid chromatography/tandem mass spectrometry. J. Chromatogr. B-Anal. Technol. Biomed. Life Sci. 1054, 36–43 (2017).
	48.	 Zhang, Q. et al. Plasma amino acid profiles applied for diagnosis of advanced liver fibrosis in patients with chronic hepatitis C 

infection. Hepatol. Res. Off. J. Jpn. Soc. Hepatol. 34, 170–177 (2006).
	49.	 Wang, L., Niu, Q., Hui, Y., Jin, H. & Chen, S. Assessment of taste attributes of peanut meal enzymatic-hydrolysis hydrolysates using 

an electronic tongue. Sensors 15, 11169–11188 (2015).
	50.	 Phat, C., Moon, B. K. & Lee, C. Evaluation of umami taste in mushroom extracts by chemical analysis, sensory evaluation, and an 

electronic tongue system. Food Chem. 192, 1068–1077 (2016).
	51.	 Turan, D., Capanoglu, E. & Altay, F. Investigating the effect of roasting on functional properties of defatted hazelnut flour by 

response surface methodology (RSM). LWT Food Sci. Technol. 63, 758–765 (2015).
	52.	 Omar, A., Harbourne, N. & Oruna-Concha, M. J. Effects of industrial processing methods on camel skimmed milk properties. Int. 

Dairy J. 84, 15–22 (2018).
	53.	 Falcone, P. M., Boselli, E. & Frega, N. G. Structure-composition relationships of the Traditional Balsamic Vinegar close to jamming 

transition. Food Res. Int. 44, 1613–1619 (2011).
	54.	 Deshpande, V. K. & Walsh, M. K. Effect of sonication on the viscosity of reconstituted skim milk powder and milk protein con-

centrate as influenced by solids concentration, temperature and sonication. Int. Dairy J. 78, 122–129 (2018).

Acknowledgements
This work was supported by the National Key Research and Development Project of China [Grant Number 
2018YFC1604302-03].

Author contributions
All authors reviewed the manuscript and gave many constructive suggestions.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.Z. or X.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Evaluation of antigenicity and nutritional properties of enzymatically hydrolyzed cow milk
	Materials and methods
	Chemicals and reagents. 
	Polyclonal antibody production. 
	Sample collection. 
	Enzymatic hydrolysis. 
	Determination of the degree of hydrolysis. 
	Trisine SDS-PAGE. 
	Enzyme-linked immunosorbent assay (ELISA). 
	Determination of total protein content. 
	Determination of AA composition. 
	Evaluation of sensory characteristics. 
	Measurement of color. 
	Determination of flow behavior. 
	Statistical analysis. 

	Results
	Degree of hydrolysis. 
	SDS-PAGE profile. 
	IgG-binding capacity. 
	Total protein content. 
	AA composition. 
	Taste. 
	Color. 
	Flow behavior. 

	Discussion
	References
	Acknowledgements


