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Enzymatic cross-linking is frequently used in bio-processing of dairy products since it could change the

physiochemical and functional characterization. In our study, bovine α-lactalbumin was cross-linked by

polyphenol oxidase from Agaricus bisporus and the changes in the structure, digestibility and allergenicity

of α-lactalbumin were explored after cross-linking, and the structural alterations of the polymers were

analyzed by circular dichroism spectroscopy, ultraviolet absorption spectroscopy and fluorescence spec-

troscopy. The digestibility of cross-linked α-lactalbumin was evaluated by simulated digestion in vitro.

After that, the allergenicity of α-lactalbumin polymers was evaluated by detection of the specific IgE

binding ability using an animal model. The results showed that the secondary and tertiary structures of

various α-lactalbumin polymers exhibited a significant variation compared with those of untreated

α-lactalbumin, and the cross-linked α-lactalbumin was relatively less susceptible to digestion. Moreover,

the allergenicity of cross-linked polymers decreased significantly. These results suggested that there was

a direct correlation between a loss of an α-helix and IgE binding to α-lactalbumin, which indicated that

enzymatic cross-linking might be an efficient approach to reduce the allergenicity of bovine

α-lactalbumin.

1. Introduction

Cow’s milk proteins are regarded as a kind of good nutrition
for all ages because of their exceptional amino acid profiles.1

However, cow’s milk allergy (CMA) is one of the most common
causes of food allergy in the world, especially for infants and
young children.2,3 Some allergic children would outgrow in the
first year of life, but 15% of allergic children still remained
allergic.4 CMA is a reaction to cow’s milk mediated by IgE and
may induce cutaneous, respiratory (rhinitis, asthma, and
cough) and gastrointestinal (vomiting, diarrhea, colic, and gas-
troesophageal reflux) reactions, and even systemic anaphylaxis
in some extreme cases.5,6 Several studies on the allergenicity of
cow’s milk proteins suggested that the main allergenic com-
ponents in milk are whey proteins and caseins.7 Bovine
α-lactalbumin (α-La) accounts for about 25% of whey proteins,

and over 75% of CMA patients are sensitive to bovine α-La.8

Therefore, α-La is still a key allergen in milk.
Cross-linking refers to the purpose of increasing the

tension and stability of collagen fibers through covalent bonds
among the collagen molecules. The enzymes for cross-linking
included transglutaminase,9 peroxidase,10 polyphenol
oxidase11 and so on. Among them, transglutaminase can
improve the specific characteristics of proteins, such as their
texture, gel formation, foaming, emulsifying properties and so
on.12–16 However, whey proteins may not be easily cross-linked
by transglutaminase due to a limited number of binding sites
or steric accessibility, while polyphenol oxidase (PPO,
EC1.14.18.1) has been widely used to cross-link milk
proteins.17–19 PPO, also known as tyrosinase, catalyzes the
covalent cross-linking of tyrosine residues9 and is a complex
multi-subunit copper-containing oxidoreductase widely dis-
tributed in prokaryotes, eukaryotes and fungi.20–22 PPO is gen-
erally a complex enzyme, including tyrosinase, laccase, etc.,
and utilizes phenolic substances in the substrate to oxidize to
hydrazine, and then promotes protein cross-linking. Besides
improving the food texture, cross-linked food proteins by PPO
can beneficially increase digestibility by protease enzymes.
The allergenicity of some allergens was decreased by cross-
linking with PPO, such as peanut,23 major apple allergen Mal
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d 124 and β-casein.25 In this sense, the use of PPO was con-
sidered as an effective approach to produce hypoallergenic
dairy products.

In this work, we aimed to explore the optimal conditions
for cross-linking of α-La. Based on that, the structure and aller-
genicity changes of various polymers from cross-linked α-La
were investigated for exploring the relationship of structural
alteration and allergenicity.

2. Materials and methods
2.1. Materials

Pepsin from porcine stomach mucosa (Sigma, USA), biotin-
labeled goat anti-human IgE (Sigma, USA), o-phenylene
diamine (OPD) (Sigma, USA), Coomassie Brilliant Blue R-250
(Solarbio, China), caffeic acid, β-mercaptoethanol, and pancrea-
tin (P7545) were used. Sera from people allergic to cow’s milk
were acquired from Chongqing Manuik Technology Co. Ltd
(Chongqing, China). Other chemical reagents were of analytical
grade and were commercially available common reagents.

2.2. Preparation of bovine α-La and polyphenol oxidase

Bovine α-La from raw milk was purified by anion exchange
chromatography combined with gel chromatography.26,27 The
purity of bovine α-La was assessed by sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis (SDS-PAGE).

Polyphenol oxidase was isolated from Agaricus bisporus
according to our previous study.26 Firstly, 3.0 g of the extracted
enzyme powder was dissolved in sodium phosphate buffer
(50 mM, pH 7.0) and mixed thoroughly on a vortex shaker and
extracted over 60 min at 4 °C. After that, the solution was cen-
trifuged at 8000g for 20 min at 4 °C, and the supernatant was
collected as the extracted polyphenol oxidase. The enzyme
activity of polyphenol oxidase solution was determined by
Gawlik-Dziki’s27 method.

2.3. Preparation of cross-linked α-La

As shown in Table 1, different amounts of α-La were dissolved
in 1 mL sodium phosphate buffer (50 mM, pH 7.0), respect-
ively. Then the different contents of polyphenol oxidase with
2 mM EDTA and 1 mM caffeic acid were added and mixed. The
cross-linking reaction of the mixture was performed for 8 h at
50 °C.

The cross-linked polymers (dimers, trimers and high poly-
mers) were separated by Native-PAGE with a Mini Protean
system (BioRad, USA) using 4% stacking gels and 15% separ-
ating gels. The samples were prepared in a loading buffer
without SDS and β-mercaptoethanol. The cross-linked poly-
mers (dimers, trimers and polymers) were obtained from gels
by cutting the relevant band.

2.4. Spectrum detection of cross-linked α-La

Secondary structures were monitored by using a CD spectropo-
larimeter (MOS-450/AF-CD, ASCO, Japan). The sample concen-
tration was 0.1 mg mL−1 and each sample was scanned twice.
Their secondary structure contents were calculated using
JASCO secondary structure software (http://dichroweb.cryst.
bbk.ac.uk/html/process.shtml).

UV absorption spectral analysis was performed using an
ultraviolet and visible spectrophotometer (TU-1901, Beijing
Puxi, China). All the samples were homogeneously mixed and
scanned from 280 to 350 nm at room temperature (25 °C).

The unfolding extent of cross-linked α-La polymers was
characterized using tryptophan fluorescence with a spectro-
photofluorometer (F-4500, Hitachi, Japan). Tryptophan emis-
sion was recorded between 300 nm and 400 nm upon exci-
tation at 295 nm with slit widths of 5 nm.

The changes of the surface hydrophobicity of α-La polymers
were measured using a 1-anilinonaphthalene-8-sulfonate (ANS)
as a hydrophobic fluorescence probe (Sigma, USA). The exci-
tation wavelength was 390 nm, and the emission wavelength was
from 400 nm to 650 nm at a scanning speed of 1200 nm min−1.

2.5. In vitro digestion by a simulated gastric fluid (SGF) and
a simulated intestinal fluid (SIF)

A simulated gastric fluid (SGF) and a simulated intestinal fluid
(SIF) were prepared according to US Pharmacopeia.28 The SGF
in vitro digestion was performed as previously described.29 The
digestion solutions included 180 μL of PPO-treated α-La (1 mg
mL−1), 60 μL of 0.4 M HCl with 8 g L−1 of NaCl and 6.8 g L−1 of
pepsin at pH 1.2. The digestion reaction was carried out at 37 °
C with continuous shaking. During the digestion process, an
aliquot of the digestion solution (16 μL) was withdrawn at 0 s, 2
min, 5 min, 30 min, 60 min, 120 min and 180 min, respectively.
At the same time, the same reaction solutions without pepsin
was performed as the control group. Finally the digested pro-
ducts were detected by Tricine-SDS-PAGE.

The SIF buffer was 10 mg mL−1 of pancreatin in 50 mM
KH2PO4, pH 7.5. An amount of 60 μL of SIF solution was trans-
ferred into a 1.5 mL microcentrifuge tube, followed by incu-
bation for 10 min in a water bath at 37 °C. Then, 180 μL of the
α-La control (or PPO-treated α-La) at a concentration of 1 mg
mL−1 was added into each microcentrifuge tube for digestion
reaction at 37 °C with continuous shaking, followed by collect-
ing an aliquot (18 μL) at 0 s, 2 min, 10 min, 30 min, 60 min,
120 min, 180 min and 240 min, respectively. Then, 4 mM 4-(2-
aminoethyl) benzene sulfonyl fluoride hydrochloride (AEBSF)
was added to the digestion product for stopping the reaction on
ice. Finally, the samples were analyzed using Tricine-SDS-PAGE.

Table 1 Composition and amount of samples for the cross-linking
reaction

α-La
(mg mL−1)

EDTA
(mM)

Caffeic acid
(mM)

PPO
(U mL−1)

Blank 5.0 2 — —
Control 5.0 2 1 —
Cross-linking
1 1.0 2 1 1000
2 2.0 3 1 2000
3 3.0 4 1 3000
4 4.0 5 1 4000
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2.6. Detection of human IgE binding capacity to cross-linked
α-La

All the experiments for the detection of human sera were
performed in compliance with the NCH guidelines from
China (NHC Publication No. 11, Rev. 2016) and approved by
the Medical Research Ethics Committee from the
Second Affiliated Hospital of Nanchang University (Nanchang,
China).

Ten specific sera from CMA patients were pooled and used
for detection of IgE binding ability. The information about
patients is listed in Table 2.

A 96-well plate was coated with 100 μL of purified α-La (5 μg
mL−1) and incubated overnight at 4 °C. The plate was washed
with PBST and blocked for 1 h at 37 °C. With regard to inhi-
bition, pre-incubation of equal volume (70 μL) diluted sera of
patients (1 : 30) and various concentrations of the control (native
α-La) or cross-linked polymers was performed for 1 h at 37 °C. A
volume of 100 μL of each pre-incubated sample was transferred
to each coated well for 1 h at 37 °C. After washing with PBST,
100 μL of biotin-labeled goat anti-human IgE (1 : 5000, KPL, USA)
was added to each well for 1 h of incubation at 37 °C. Then a
volume of 100 μL of streptavidin conjugated with horseradish per-
oxidase (1 : 60, Neo Bioscience, China) was added and incubated
at 37 °C for 1 h. After further thorough washing of the plates
three times again, the color was developed with 100 μL of
OPD and H2O2 as enzyme substrates. The reaction was stopped
with 50 μL of 2 M H2SO4 and the absorbance was measured
at 490 nm using a plate reader (Bio-Rad, USA). As a negative
control, PBS instead of sera was added in the well before
pre-incubation.

Results were obtained by means of multiple regressions,
with the percentage of the binding ratio as the dependent vari-
able and the concentration (log transformed) of the α-La or
cross-linked α-La polymer as the predictor variables in the
model. The IgE binding rate of α-La or cross-linking α-La poly-
mers was calculated as follows:

Binding rate ð%Þ ¼ ð1� ODsample=OD0Þ � 100%

ODsample: the optical density of antisera with an inhibitor;
OD0: the optical density of antisera without an inhibitor.

2.7. Allergenicity evaluation by immunization of Balb/c mice

Female Balb/c mice (aged 5–6 weeks) were purchased from the
Institute for Laboratory Animal Center of Nanchang University
(Nanchang, China; Permission number “SYXK(Gan) 2015-
0001”). All experiments were performed in strict accordance
with the NCH guidelines from China for the care and use of
laboratory animals (NHC Publication No.11, Rev. 2016) and
approved by the Animal Care Committee of Nanchang
University (Nanchang, China).

The mice weighing 17 to 20 g were separated into five
groups as shown in Table 3. They were acclimated for 1 week
before immunization. In the first sensitization, the mice in
groups D and E were intraperitoneally injected with 50 μg
native α-La (mixed with complete Freund’s adjuvant, USA)
and cross-linked polymers (mixed with complete Freund’s
adjuvant) on day 7, respectively. In the negative control
group, the mice in groups A and B were immunized intraperi-
toneally with normal saline and complete Freund’s adjuvant
(negative control group) and the injected volume was 0.2 mL
for each mouse. At the same time, the mice of group C were
immunized with PPO in order to eliminate the effect on
enzymes. In a further immunization process, the immuniz-
ation schedule was identical, and the post-sensitization con-
tinued for three times in every week from day 14. Sera were
collected on days 14, 21, 28 and 35, and stored at −20 °C
until further assays.

2.8. Measurement of antigen specific IgE and IgG1 in ELISA

The titers of specific IgE and IgG1 were measured by indirect
ELISA. The protocol followed the method of van Esch30 with
some modifications. Briefly, 96-well microtiter plates were
coated with 0.5 μg α-La in 100 μL carbonate buffer (pH 9.6)
overnight at 4 °C. After incubation, the plates were washed
three times with PBST (PBS–0.05% Tween) and blocked with
3% gelatin for 1 h at 37 °C. After washing, the sera were
diluted to 1 : 20 for detecting IgE and 1 : 2000 for IgG1 and

Table 2 Information about CMA patients

Patient
no. Gender

Age
(months) Symptoms

Specific IgE
level (IU ml−1)

1 M 1 Leukocytosis 17.5–50
2 M 10 Eczema 17.5–50
3 M 6 Eczema 3.5–17.5
4 M 9 Serum urticaria 3.5–17.5
5 M 9 Eczema 3.5–17.5
6 M 12 Asthmatic bronchitis 2.4
7 M 36 NDa 2.1
8 M 48 NDa 2.7
9 M 11 NDa 1.8
10 M 24 NDa 3.7

aND – not done.

Table 3 Immunization protocol for sensitization of Balb/c mice

Group Antigen Mouse number

A 0.9%NaCl 8
B Adjuvant 8
C PPO 8
D 50 μg ALA 8
E 50 μg cross-linked protein 8
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then they were incubated with α-La for 1 h at 37 °C. Diluted
horseradish peroxidase-conjugated anti-mouse IgE and IgG1

were added at a ratio of 1 : 6000 and incubated for 1 h at 37 °C.
The color was developed with OPD after washing three times.
The reaction was stopped with H2SO4, and the absorbance was
measured at 490 nm using a microplate reader.

2.9. Plasma histamine assay

Plasma histamine levels were assayed using a histamine
immunoassay kit according to the manufacturer’s instructions.
All assays were performed in duplicate.

2.10. Splenic cell culture and spleen cell proliferation

The mice were sacrificed after thirty minutes of last immuniz-
ation and the spleens from each group were removed and
pooled. Splenocytes were prepared by crushing the spleens, fil-
tering through nylon sieve cells, and pyrolyzing red blood cells
under the aseptic conditions. Cells were suspended in com-
plete cell culture medium (RPMI 1640 containing 10% FBS)
and centrifuged for 5 min at 2000 rpm. Splenocytes were
stimulated with different concentrations of α-La and cross-
linked polymers, respectively, and the supernatants were col-
lected after incubation for 72 h.

To each well in the microtitre plate was added 10 μL MTT
solution (0.5%, w/v), and then maintained at 37 °C under a
humidified atmosphere with 5% CO2 for 4 h. After incubating
and centrifuging for 5 min at 2000 rpm, the supernatant from
each well was collected and 100 μL DMSO was added to fully
dissolve the crystals. The absorbance values were recorded
using an ELISA plate reader at 490 nm.

2.11. Determination of the cytokine level

The contents of IFN-γ, IL-4, IL-5 and IL-13 in the culture super-
natants were determined by using a cytokine ELISA kit. The
cytokine levels were calculated by reference to standard curves
of known amounts of IFN-γ, IL-4, IL-5 and IL-13.

2.12. Statistical analysis

Appropriate data were analyzed for statistical significance
using ANOVA procedures (SPSS for Windows XP, Microsoft
Corp, version 13.0, Chicago, IL, USA) and Fisher’s least signifi-
cant difference (LSD, p < 0.05) test.

3. Results
3.1. Purity of α-La and activity of PPO

The purity of the prepared α-La was analyzed by SDS-PAGE
(Fig. 1A). It was found that the purity of the prepared α-La was
more than 90% by calculating with software Quantity One,
which was purer than that of commercial α-La (Sigma, USA,
purity >85%, band 1 in Fig. 1A). The extracted enzyme was lyo-
philized into powders as shown in Fig. 1B and stored at
−20 °C for further analysis. The extracted enzyme powder (5 g)
was dissolved in pre-cooled 100 mL phosphate buffer
(50 mmol L−1, pH 7.0) as shown in Fig. 1C, and the enzyme
activity of the PPO solution was 6000 U mL−1.

3.2. Optimum conditions for preparation of cross-linked
α-La

The amount of dimers was regarded as an indicator of cross-
linking and the result is shown in Fig. 2. There were no
obvious differences in the polymer content with the change in
the ionic strength ranging from 0.1 to 200 mM (Fig. 2A). As
seen in Fig. 2B, the more the enzymes added, the more the
polymers with high molecular weights. However, the polymer
content did not increase any more when the activity of PPO
reached 1000 U, which indicated that the substrate might be
exhausted with 1000 U PPO. With respect to the reaction time,
it was found that the substrate decreased gradually with the
increase in the reaction time within 8 h (Fig. 2C). Regarding
pH, it was observed that most polymers were generated at pH 7
(Fig. 2D). It is worth noting that, there was no polymer at low

Fig. 1 SDS-PAGE patterns of prepared α-La (A) and prepared PPO (B: PPO powder; and C: PPO solution). Lane M, prestained marker; lane 1, com-
mercial α-La (Sigma, USA, purity >85%). Lane 2, purified α-La; the loading amount of each α-La sample was 40 μg.
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temperature (20 °C), and most polymers were produced at
50 °C (Fig. 2E). As the amount of caffeic acid increased, the
contents of polymers increased until they reached 1 mmol
ml−1. Based on the above parameters, the optimum conditions
for cross-linking were as follows: 1 mM α-La was dissolved in
1 mM PBS with the addition of 1000 U enzyme and 1 mmol
ml−1 caffeic acid for 8 h at 50 °C.

3.3. Spectrum detection of cross-linked α-La

The secondary structures of cross-linked α-La polymers were
analyzed using a far-UV CD spectrum. As shown in Fig. 3A and
B, we could find that the spectrum of untreated α-La had a
strong positive peak at 192 nm with obvious negative peaks at
208 nm and 222 nm, which showed that the α-helix in the
control group was dominant with a percentage of 29.29% fol-
lowed by random coil (27.96%). While the secondary structure
of high polymers formed by cross-linking underwent signifi-
cant changes, the α-helix decreased to 10% and the β-sheet
increased from 20% to 32%; however, the random coil and
β-turns showed no obvious changes. Compared with the
control, only dimers had the same crossing site with the X
axis. The curves of the monomer, trimer and polymer had an
obvious shift, which meant that the dimer was the most
ordered form and the other polymers had a disordered struc-
ture. Therefore, the content of random coils in dimers was the
least. The spectrum of the high polymers had almost no posi-
tive peak at 192 nm and fluctuated at the specific peaks of the
α-helix and β-sheet, and there was more than one intersection
with the X-axis. It indicated that the amount of the α-helix in

its secondary structure of high polymers was extremely low
and the contents of β-sheets and random coils were signifi-
cantly increased and dominated.

The UV spectrum of the enzymatically cross-linked α-La
polymers is shown in Fig. 3C. As we know, all the proteins dis-
played peaks near 280 nm due to tryptophan (Trp), tyrosine
(Tyr) and phenylalanine (Phe). In our study, the maximum
absorption peak of the different polymers increased with the
degree of cross-linking and the intensity of the maximum
absorption peak from the trimer which indicated that cross-
linking led to the unfolding of polymer structures since chro-
mophoric groups including Trp, Tyr, and Phe were exposed at
the surface of the molecule. However, due to the increasing
extent of cross-linking, the polymer may form a more compact
spherical structure and some of the chromophoric groups may
reembed inside the molecule, which would result in a decline
of the absorbance value.

The surface hydrophobicity of the enzymatically cross-
linked α-La polymers was determined using ANS-fluorescence
as shown in Fig. 3D. Amino acids lysine and arginine inter-
acted with ANS, which could dramatically influence the fluo-
rescence parameters.28 Compared to the control, the λmax of
the monomer, dimer and trimer underwent a blue shift of
approximately 10–18 nm from 511 nm to 493 nm which indi-
cated that the cross-linking led to more hydrophobic groups of
the fluorophores being exposed and the polar groups masked.
Interestingly, a red shift and a decrease in the intrinsic fluo-
rescence intensity of λmax were observed in the fluorescence
spectra of polymers which suggested that the combination of

Fig. 2 Cross-linking of α-La with different parameters. M: marker; lane 1: α-La; A: ionic strength: lanes 2–7: 0.1, 10, 50, 100 and 200 mM; B:
enzyme activity: lanes 2–7: 100, 200, 400, 600, 800, 1000, 1200 and 1500 U mL−1; C: reaction time; lanes 2–9: 0, 1, 2, 4, 6, 8, 12 and 24 h. D: pH;
lanes 2–8: pH 4, 5, 6, 7, 8, 9 and 10; E: reaction temperatures; lanes 2–8: 20, 30, 40, 50, 60 and 70 °C; F: caffeic acid concentrations; lanes 2–9: 0,
0.1, 0.2, 0.5, 1.0, 2.0, 5.0 and 10 mmol mL−1.
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the ANS and hydrophobic groups inside protein molecules was
hampered, resulting in the surface hydrophobicity decrease.

3.4. Digestion stability of different polymers after cross-
linking

Simulated gastric digestion in vitro of α-La and its polymers
were analyzed by Tricine-SDS-PAGE. As seen in Fig. 4A, the
untreated α-La was easily digested with the gastric fluid at
37 °C, and completely degraded into small peptides after 2 h
of digestion. Two peptides with molecular weights of about
5 kDa and 3.5–5 kDa are shown in Fig. 4A. Even when the
digestion time continues to increase, the contents of these two
peptides do not change, indicating that these peptides are too
stable to be degraded by proteases. The dimer was also sub-
stantially completely degraded after digestion for 1 h and the
peptides with a molecular weight of less than 10 kDa and two
peptides in the vicinity of 3.5–5 kDa are shown in Fig. 4B. The
peptides with a molecular weight of about 5 kDa were not
easily digested by pepsin; however, the amount of peptides
was gradually reduced when the digestion time prolonged. For
the trimer, the situation was totally different since it was
stable and no obvious peptides appeared after digestion for
3 h. At the same time, it was found that the band at about
5 kDa also gradually increased with the increasing of the diges-
tion time, and the amount did not change after 2 h digestion,
indicating that the trimer was more resistant to gastric diges-
tion. The high polymers formed by cross-linking α-La were
digested in vitro with the stimulated gastric fluid, as shown in
Fig. 4D. It was found that only a small number of high poly-

mers was degraded after 30 minutes of digestion. Moreover,
most of the high polymers were not degraded even after 3 h of
digestion.

Tricine-SDS-PAGE analysis of α-La and its polymers digested
by the in vitro simulated intestinal fluid is shown in Fig. 4E–H.
From Fig. 4E, it is found that untreated α-La was easily
digested by the intestinal fluid. When the sample was mixed
with intestinal fluids, hydrolysis occurred at once; after diges-
tion for 30 minutes, it was completely hydrolyzed to peptides
with a molecular weight of less than 10 kDa, and large pep-
tides were also hydrolyzed to a smaller peptide or amino acid
(less than 3.4 kDa). The results of simulated intestinal fluid
digestion in vitro of the dimer and trimer are shown in Fig. 4F
and G, respectively. From the change of electrophoretic bands,
it was found that the dimers and trimers were resistant to
intestinal fluid digestion, and they were gradually hydrolyzed
after digestion for 30 min. The dimer was completely degraded
after 2 h of digestion, whereas the trimer was completely
degraded after 3 h of digestion. Only a slight change occurred
after 1 h of digestion of the polymers, but only a small amount
of the dimer remained after 4 h of digestion.

3.5. IgE binding capacity of enzymatically cross-linked α-La
polymers

The IgE binding ability of cross-linked α-La was evaluated by
competitive inhibition ELISA with the sera of CMA patients
(Fig. 5). Compared with the control group, the IC50 values for
the dimer, trimer and polymer were 19.5 μg mL−1 (14.4 times),
15.14 μg mL−1 (11.2 times), and 3.35 μg mL−1 (2.5 times),

Fig. 3 Spectral detection of cross-linked α-La polymers. A: Far-UV CD; B: secondary structure contents; C: UV spectrum; and D: extrinsic
fluorescence.
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respectively. Therefore, the IC50 for the dimer was the highest
and that of the polymer was the lowest. This means that the
ability of antibody binding to the dimer decreased greatly.

3.6. Immune response of sensitized Balb/c mice and
histamine levels in mouse plasma

The titer of the IgG antibody was detected by ELISA. As shown
in Fig. 6A, the titer of the IgG antibody in the α-La group
reached 1 × 105 after immunization. From Fig. 6A, we can find

that untreated α-La produced IgG with higher titers compared
with the cross-linking group, except for No. 2. It should be
noted that untreated proteins induced similar antibody titers
in the six groups which indicated that the immunization pro-
tocol was accurate and scientific. However, for the cross-
linking groups, the titers from different mice were significantly
distinguished. Moreover, the titers in the mouse groups (No. 1,
3, 4, 6 and 8) were only one-tenth of that in the mice immu-
nized with untreated protein. Even though the titers were a

Fig. 4 Tricine-SDS-PAGE result of digested bovine α-La and its cross-linked polymers by simulated gastric and intestinal fluids in vitro. A–D: simu-
lated gastric fluid digestion in vitro; E–F: simulated intestinal fluid digestion in vitro. A and E: untreated α-La; B and F: dimer; C and G: trimer; D and
H: polymer; M: marker; lanes 1–9 in A–D: untreated α-La, aliquot that is digested for 0 s, 2 min, 5 min, 10 min, 30 min, 60 min, 120 min and 180 min,
respectively; and lanes 1–9 in E–F: untreated α-La, aliquot that is digested for 0 s, 2 min, 10 min, 30 min, 60 min, 120 min, 180 min and 240 min,
respectively.
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little higher in the groups of No. 5 and No. 7, they were just
two-fifth compared with the untreated group. All these data
suggested that IgG titers from cross-linked groups obviously
decreased.

Furthermore, levels of antigen-specific IgE and IgG1 anti-
bodies were measured by the indirect ELISA. As shown in

Fig. 6B and C, the specific IgE level with the same dilution in
the cross-linking group was significantly lower (P < 0.01) than
that of the untreated α-La group. In the same method, the
specific IgG1 level in the cross-linking group was also lower
than that of the untreated α-La group with a dilution of
1 : 2000. Moreover, IgE and IgG1 levels in both untreated α-La
and cross-linking groups were obviously different from those
of the saline control and adjuvant group.

The level of histamine in plasma is an important marker of
allergic reaction. As shown in Fig. 6D, the histamine level in
the untreated α-La group was significantly higher (P < 0.01)
than that of the cross-linking group, which indicated that
cross-linking really alleviated the allergic reaction.

3.7. Spleen cell proliferation immunized by bovine α-La and
the cross-linking group

As is known, IgE mediated allergic reactions are caused by the
imbalance of Th1/Th2, and excessive polarization of Th2 cells
can lead to allergic reactions. To explore the effect of polyphe-
nol oxidase on the antigenicity of α-La, the spleen was cultured
and stimulated with different concentrations of α-La and the
cross-linked product. After 72 h culture, the cell proliferation
level was detected as shown in Fig. 7. The levels of spleen cell
proliferation were different between untreated α-La and cross-
linking groups when the spleen was stimulated by untreated

Fig. 5 Human serum IgE-binding to untreated bovine α-La and cross-
linked products.

Fig. 6 Specific antibody binding ability and histamine contents of Balb/c mice by immunization of different α-La polymers. A, B and C: IgG, IgE and
IgG1 levels; and D: histamine contents. ***: P < 0.01, **: P < 0.05, *: P < 0.1.
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α-La. There was a significant difference (P < 0.01) only in the
α-La group when the α-La concentration was 200 μg mL−1,
while there were also significant differences (P < 0.01) in both
groups when the stimulated α-La concentration was 1000 μg
mL−1. Differently, the cell proliferation was obvious in the
cross-linking group when the enzyme stimulation concen-
tration was 200 μg mL−1. While the enzyme concentration was
40 μg mL−1, the cell proliferation showed no such apparent
change.

3.8. Effect of cross-linking on the level of cytokines

As shown in Fig. 8, cytokines IL-4, IL-5, IL-13 and IFN-γ related
to food allergy were detected after the stimulation of spleen

cells in vitro. Compared with the untreated α-La group, the
release levels of IL-4 and IL-5 in the cross-linking group were
significantly reduced when the stimulated protein concen-
tration was 1000 μg mL−1, while the level of IL-13 notably
declined when the concentration was 200 μg mL−1. However,
the amounts of IL-4, IL-5 and IL-13 showed no obvious differ-
ence when the concentration was 50 μg mL−1. Meanwhile,
compared with the saline group, the secreted IL-4, IL-5 and
IL-13 were upregulated with all the three concentrations in the
α-La group, but only at a concentration of 1000 μg mL−1, the
contents of IL-4, IL-5 and IL-13 were significantly increased in
the cross-linking group. In addition, the release of IFN-γ
showed no obvious change both in untreated α-La and cross-
linking groups under three stimulated protein concentrations.

4. Discussion

At present, there are roughly the following methods for redu-
cing the antigenicity of bovine α-La and cow’s milk: ultraviolet
radiation,29 oxidation and heat treatment,31 high-hydrostatic
pressure,32 sonication,33 high-intensity pulsed electric field,34

hydrolysis35 and so on. For cross-linking of milk proteins,
there are several enzymes including glutaraldehyde,36 gra-
phene oxide nanosheets,37 a zinc oxide nanostructure,38 and
horseradish peroxidase39 which are usually given priority for
use. Moreover, most of the previous reports mainly focused on
foaming properties40 and other physical properties.37,38

Compared with other physically and chemically processed
food proteins, enzymatically cross-linked food proteins have

Fig. 7 Proliferation of stimulated spleen cells in vitro after stimulation
with different concentrations of the protein and enzyme. ***: P < 0.01,
**: P < 0.05, *: P < 0.1.

Fig. 8 Cytokine content changes of sera from Balb/c mice after stimulation with different concentrations of the protein and enzyme.
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attracted much attention in recent years.41,42 The modifi-
cations of proteins using enzymatic and chemical reagents
have been widely examined and they are powerful strategies for
improving the functional properties of macromolecules.43,44

Polyphenol oxidase, also known as tyrosinase, catalyzes the
covalent cross-linking of tyrosine residues.9

The polyphenol oxidase crude enzyme solution used in this
study is a complex enzyme system containing polyphenol oxi-
dases that catalyze covalent binding. Thus, the SDS-PAGE
pattern showed the cross-linked high polymers (Fig. 2). A
single factor was explored in this research to optimize polyphe-
nol oxidase-catalyzed cross-linking of α-La, including the reac-
tion time, temperature, pH, enzyme activity and caffeic acid
concentration. From Fig. 2, we could find that after the cross-
linking reaction under optimal conditions, the high polymers
with molecular weights of more than 200 kDa were still at the
top of the lane and could not be separated. This shows that
the increase of the protein concentration in the reaction
system has little effect on the cross-linking reaction. The separ-
ation of high polymers should be explored in further study.

In our research, the conformational structure of the enzy-
matically cross-linked polymers was investigated by CD spec-
troscopy, UV absorption spectroscopy and fluorescence spec-
troscopy. Compared with untreated α-La, the secondary struc-
ture of the enzymatically cross-linked polymers displayed sig-
nificant changes. Among them, the secondary structure of the
trimer and polymer became more unordered than that of the
dimer. Meanwhile, the transfer of the UV spectra from bovine
α-La suggested that hydrophobic amino acids of the proteins
were partially exposed to an aqueous solvent and the protein
structure had partially unfolded. Likewise, the spectra of ANS
fluorescence fully illustrated that cross-linking could induce
unfolding of α-La and cause the hydrophobic groups and
regions inside the molecules to be exposed outside, thus
increasing the surface hydrophobicity of the whole proteins.
However, due to the high degree of cross-linking, the unfolded
polymer was unstable so that it would partially aggregate
which allowed the reconstruction of some native confor-
mational epitopes,45 resulting in the surface hydrophobicity
and increased sensitization. Unfolding of the protein structure
would lead to exposure of linear antigenic epitopes, while the
conformational epitopes would be destructed. In this work,
compared to untreated α-La, the IgE-binding ability of the
enzymatically cross-linked α-La polymers was significantly
declined, especially for the dimer and trimer. Due to reaggre-
gation of the unfolded polymer, some conformational epitopes
were also generated so that the IC50 of the polymer is lower
than those of the dimer and trimer.

With in-depth research on food allergies, peptic stability
assessment is also a method of assessing the potential aller-
genicity and has gradually become an evaluation indicator of
food allergens.8 In this study, the gastrointestinal digestion
method in vitro proposed by the United States Pharmacopeia
was used to evaluate the digestibility of bovine milk α-La after
cross-linking. It is well-known that food allergens must first
undergo gastrointestinal digestion and it is very important to

evaluate the sensitization of the digested peptides. In this
experiment, the IgE binding ability of the dimer was signifi-
cantly reduced after it was digested by gastric and intestinal
fluids. The allergenicity of the cross-linked product was lower
than that of untreated α-La. This may be the original enzy-
matic hydrolysis site of polymerization wrapped inside the
molecule or involved in the cross-linking reaction and thus
affected the digestion reaction. The structure of the trimer also
showed unfolding and was loose; so the allergenicity of its
digestion product is lower than that of untreated α-La.
Moreover, as cross-linking occurs, the steric hindrance
becomes stronger, which hinders enzymatic hydrolysis. Due to
the compact structure of the polymer, only a small amount of
the polymer is digested by the gastric fluid, and many linear
epitopes and conformational epitopes still remained; so the
residual allergenicity was high. As the digestion time
increased, the large molecular peptides that were digested
were further degraded to reduce their potential allergenicity.
Therefore, the IgE binding capacity of the polymer after simu-
lated intestinal fluid digestion is lower than that after gastric
fluid digestion.

Although there are many research studies on protein cross-
linking, there are few research studies focused on reducing the
allergenicity of proteins. Some of the work in our groups has
suggested reduction of the allergenicity of protein after cross-
linking issues. For example, in Tong’s study, it was demon-
strated that caffeic acid-assisted PPO-catalyzed cross-linking
significantly reduced the potential allergenicity of ovalbumin
but could not eliminate it.46 Furthermore, they found that
enzymatic cross-linking may reduce antigenicity and potential
allergenicity could be considered as a mediator in the presence
of caffeic acid. The changes in modified ovalbumin were likely
to be due to some changes in the conformation of oval-
bumin.47 In Wu’s study, the results suggested that cross-
linking could mask allergen epitopes and decrease the aller-
genicity of Ara h 2.48 In the present study, we used PPO-cata-
lyzed cross-linking of α-La to investigate the relationship of the
structure change and allergenicity of α-La. A valid conclusion
was reached that the structural changes in the enzymatically
cross-linked α-La and reduction of allergenicity were firmly
related.

In our work, it is the first time that the enzymatically
cross-linked α-La polymers and the relationship between
their structure alteration and allergenicity have been
explored. PPO could effectively catalyze α-La cross-linking,
leading to the formation of the α-La dimer, trimer and
polymer. The secondary and tertiary structures of cross-
linked α-La polymers were adequately destroyed, and thus the
allergenicity decreased obviously. In contrast to untreated
α-La, cross-linked α-La was relatively less susceptible to diges-
tion by pepsin and the simulated intestinal fluid and had a
lower IgE binding capacity. With respect to different poly-
mers, the enzymatic cross-linking played an important role in
reducing the allergenicity of the dimer and trimer. In a word,
the structural alterations and allergenicity decline co-existed
in the enzymatically cross-linked α-La.
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