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hts into the improved properties
of mayonnaise from the changes in protein
structures of enzymatic modification-treated egg
yolk†

Wenfei Zhao,a Jingnan Zang,a Mingmin Qing,a Huiyong Wang,a Yujie Chi *a

and Yuan Chi*b

Heat treatment is an important step in mayonnaise production but can affect the quality of mayonnaise

because thermal treatment can accelerate oil droplet coalescence. To resolve this issue, in this study,

enzymatically modified egg yolks were applied to produce mayonnaise. Egg yolk hydrolyzed with 0.2%

neutral protease could effectively produce mayonnaise with superior heat stability, and this effect was

attributed to enzymatic modifications that increased the degree of amino acid ionization, the overall

hydrophilicity and the ability to adsorb proteins. Moreover, electrophoresis and FT-IR results showed that

the enzymatically modified egg yolk proteins had a smaller molecular weight and more flexible structure,

which could also favor the improved properties. The study elucidated why mayonnaise prepared by

enzymatic modification-treated egg yolk has better thermal stability.
1 Introduction

Mayonnaise is a viscous oil-in-water emulsion that is widely
applied in sauces worldwide.1,2 One of the necessary processes
for the production of mayonnaise is sterilization, which inac-
tivates pathogenic microorganisms.3 However, under heat
treatments, the appearance of mayonnaise becomes undesir-
able, and its ability to emulsify decreases due to changes in the
hydrophilicity and interfacial tension of yolk proteins, which
could present an obstacle to the industrial development of
mayonnaise; therefore, developing a method to prepare
mayonnaise that is stable under high heat would be
advantageous.

Enzymatic modication is an effective method for enhancing
the heat stability of egg yolk,4 and improvements in the heat
stability of other proteins have also been found,5,6 which could
contribute to the formation of proteins or peptide bonds with
smaller molecular weights.7–9 Therefore, we deduced that
enzymatically modied egg yolk has great potential for appli-
cation in the production of emulsied food. Heat stability is
very important in the industrial production of food because the
temperature increase caused by machine operation is involved
in many processes.10 However, to our knowledge, previous
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studies have mainly investigated the inuence of enzymatic
modication on emulsication activity. Bao11 showed that
improved emulsication activity could be obtained by altering
the molecular size. Fu12 found that hydrolyzed egg yolk exhibits
excellent emulsication activity due to its improved solubility.
Little information is available concerning the heat stability of
mayonnaise with enzymatically modied egg yolks. In addition,
few studies have focused on the mechanism underlying the
improvements from the perspective of protein structures. To
some extent, this lack of knowledge will hinder the application
of protease-modied egg yolk in mayonnaise.

Therefore, the objective of this study was to prepare
protease-modied egg yolks that are suitable for the production
of mayonnaise with improved heat stability. Moreover, the
physicochemical properties and protein structure of enzymati-
cally modied egg yolks were evaluated to elucidate the mech-
anism of the improvement. In summary, this work is expected
to lay the foundation for the application of enzymatically
modied egg yolk in the preparation of mayonnaise, which
would ultimately benet the practical production of
mayonnaise.
2 Materials and methods
2.1 Materials

Fresh grade A brown shell eggs, sugar, salt and vinegar were
obtained from the Zhongjun supermarket, and soybean oil was
obtained from Jiusan Oils & Grains Industries Group Co., Ltd.
Food-grade Neutrase was obtained from Shanghai Yuanye
RSC Adv., 2022, 12, 27213–27224 | 27213
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Biotechnology Co., Ltd., and ortho-phthalaldehyde (OPA),
sodium tetraborate, dithiothreitol (DTT), sodium dodecyl
sulfate (SDS), glycine, and 1-anilino-8-naphthalene sulfonic
acid were purchased from Sigma-Aldrich Chemicals, Inc. (St.
Louis, MO, USA). Other reagents were purchased from Solaibao
Technology Co., Ltd. (Beijing, China).
2.2 Preparation of liquid egg yolk and separation of plasma
and granules

The shells of fresh eggs were broken, and the egg yolks were
separated from the egg whites by a separator. The residual
albumen was then removed by rolling on lter paper. The
vitelline membrane was punctured, and pure egg yolk was
collected in a beaker and then slowly stirred to homogenize the
sample for subsequent applications. Plasma and granules were
prepared according to the method described by Chalamaiah, M.
with slight modication.13 The egg yolk was diluted with an
equal weight of distilled water (DW), and the sample diluent
was then divided into two parts by centrifugation at 10 000 rpm
and 4 �C for 40min. The supernatant and sediment were the egg
yolk plasma and granules, respectively.
2.3 Preparation of enzymatically modied egg yolk and
mayonnaise

Commercial Neutrase (food grade, 0.05–0.5%) was added to the
liquid egg yolk (LEY) and incubated at a constant temperature
of 50 �C for 1 h in a thermostatic water bath reactor. Then,
enzymatically modied egg yolk was pasteurized at 60 �C for
4 min. The processes used for the preparation of mayonnaise
are as follows. Salt, sugar, water, and enzymatically modied
egg yolks were mixed at a high speed for 5 min in the corre-
sponding carrier, and oil was added dropwise during the
blending process. Subsequently, vinegar was added, and the
resulting mixture was stirred for 2 min.
2.4 Preparation of emulsion

Egg yolk samples were dispersed into deionized water (1 : 20
dilution) and stirred magnetically. Then, emulsions were
prepared by mixing the oil phase and diluting egg yolk samples
(1 : 4) using a high-shear mixer at 12 000 � g for 1 min.
2.5 Optical microscopy of mayonnaise products

A drop of mayonnaise sample was placed on a slide. The
samples were covered with a cover glass and observed when the
objective lens was adjusted to 10�.
2.6 Heat stability of the mayonnaise

Heat stability was measured according to the method described
by Primacella, M.14 Eight milliliters of mayonnaise was poured
into a 10 mL centrifuge tube, and a thermal stability test was
performed using mayonnaise heated at 70 �C for 30 min. The
samples were centrifuged at 10 000 rpm for 25 min. The sepa-
rated oil was carefully removed and discarded. The heat stability
was calculated as follows:
27214 | RSC Adv., 2022, 12, 27213–27224
Heat stabilityð%Þ ¼ weight of mayonnaise after oil separation

initial weight of mayonnaise

� 100
2.7 Droplet diameters and particle size distribution

The droplet diameters and particle size distribution (PSD) were
estimated using a size tester (Malvern Instruments Co., LTD).
The emulsion was diluted 1000-fold with distilled water.
2.8 Degree of hydrolysis

The ortho-phthalaldehyde (OPA) method was utilized to
measure the degree of hydrolysis (DH) of the egg yolk according
to the method described by Nielsen, P. M.15 In brief, the sample
was diluted with distilled water (1 : 200). The OPA method
involves mixing the OPA reagent with the sample diluent (6 : 1)
and allowing the components to react. The absorbance of the
mixed solution was measured at 337 nm using an ultraviolet
spectrophotometer. The DH was calculated using the following
formula:

DHð%Þ ¼ h

htot
� 100 ¼ WNH2

� b

ahtot
� 100

where h, htot and WNH2
represent the amount of broken peptide

bonds per unit weight (mmol g−1), the total amount of peptide
bonds per unit weight (8 mmol g−1), and the amount of NH2 per
unit weight, respectively. In addition, a ¼ 1.0 and b ¼ 0.4.
2.9 Protein solubility

The protein solubility of the yolk samples that were prepared by
different enzyme dosages was determined using the method
described by Denmat, M. L.16 with slight modication. The
sample was dissolved and stirred in DW for 1 h, and the solu-
tion was then centrifuged at 8000 rpm for 20 min. One milliliter
of sample without centrifugation and supernatant was removed
and allowed to react with 4 mL of biuret reagent for 30 min. The
absorbance was then measured at 540 nm, and the protein
solubility was calculated as follows:

Protein solubilityð%Þ ¼ protein in the supernatant

protein in the initial dissolution
� 100
2.10 Zeta potential

The zeta potential (z-potential) of the samples was determined
according to the method described by Avramenko, N. A.17 with
a nanoparticle size tester. The samples were diluted 1 : 1000
using DW and equilibrated for 60 s for further measurement.
The electrophoretic mobility (UE) of the protein was examined
to obtain the z-potential by using the Henry equation as follows:

UE ¼ 23zf ðkaÞ
3h
© 2022 The Author(s). Published by the Royal Society of Chemistry
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where 3, f(ka) and h represent the permittivity, the function
related to the ratio of the particle radius to the Debye length,
and the dispersion viscosity, respectively.

2.11 Mechanical properties

The mechanical properties (rmness, consistency, cohesive-
ness, and work of cohesion) were evaluated using a back
extrusion rheology approach. Thirty-ve milliliters of the enzy-
matically modied egg yolk was poured into a 50 mL beaker,
and the samples were forced upward by lowering a plunger
equipped with probe A-BE (f 35 mm). The pretest speed,
measuring speed, and posttest speed were 2 mm s−1, 2 mm s−1,
and 1 mm s−1, respectively. The test distance was 15 mm, and
the trigger force was 5.0 g.

2.12 Surface hydrophobicity

The surface hydrophobicity (H0) was measured by applying ANS
as a hydrophobic uorescence probe according to the method
described by Xu, X.18 Four milliliters of the sample solution
(0.05–1 mg mL−1) was mixed with 20 mL of 8 mmol L−1 ANS and
allowed to react in the dark for 15 min. The uorescence
intensity (FI) was then measured at an excitation wavelength of
390 nm and an emission wavelength of 470 nm. The emission
and excitation slit widths were both 5 nm, and the slope of the
curve at the initial stage was the surface hydrophobicity of the
protein molecule.

2.13 Intrinsic uorescence spectra

Fluorescence spectroscopy of the sample was performed
following the method of Khan, J. M.19 with a slight modication
using a uorescence spectrophotometer (F-7100 FL spectro-
photometer, 3017-008). The protein concentrations were
adjusted to 1 mg mL−1 with 10 mmol L−1 phosphate buffer (pH
7.0). The parameter settings were as follows: an excitation
wavelength of 280 nm, an emission wavelength of 300–390 nm,
a scan speed of 60 nm min−1, and emission and excitation slit
widths of 5 nm.

2.14 SDS-PAGE

The protein patterns of the egg yolks were analyzed following
the method of Gao Y.4 The sample was diluted in 0.5 M NaCl,
and the diluent was then mixed with SDS-PAGE sample buffer.
SDS-PAGE was conducted, and the gels were stained. A solution
of 10% methanol and 10% acetic acid was used for destaining.
An image of the gel was captured using a Gel Doc 2000 system
(Bio-5000 Microtek, Hsinchu, Taiwan).

2.15 Fourier transform infrared spectroscopy (FT-IR)

FT-IR measurements were conducted following the method
described by Wang, R.20 Aer the different treatments, the egg
yolk samples were placed on an attenuated total reection
scanning attachment, and the structure of proteins was then
determined and recorded at 4000–400 cm−1 by applying FT-IR
(Nicolet iS10, Thermo Fisher Scientic Co., Ltd., Waltham,
MA, USA).
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.16 Statistical analysis

SPSS soware was used for the data analyses. The signicance
of the differences was analyzed by one-way analysis of variance
(ANOVA), and p < 0.05 was considered to indicate signicance.
3 Results and discussion
3.1 Optical microscopy and heat stability analysis

The microscopic diagram can directly reect the sizes of oil
droplets and uniformity of mayonnaise prepared by different
hydrolysis degrees of egg yolk. As shown in Fig. 1(A), the droplet
size of mayonnaise prepared with fresh egg yolk was large and
nonuniform, and the droplet size gradually decreased as the
enzyme dosage increased. The change was primarily because
egg yolk granules depolymerized and protein solubility
increased with increasing enzyme addition.21 In addition, the
phenomenon may be closely related to the coalescence of oil
droplets; more specically, under the same heat treatment
conditions, only a small amount of oil droplets coalesced in
mayonnaise prepared with enzymatic modication-treated egg
yolk compared with mayonnaise prepared with fresh egg yolk.

The heat resistance of mayonnaise has a very important
effect on the quality of the product. The O/W emulsion is
a thermodynamically unstable system, and the motion and
collision frequency of the oil droplets increased during thermal
operation, leading to coalescence of oil droplets and affecting
the properties of themayonnaise. As shown in Fig. 1(B), the heat
stability of mayonnaise rst increased and then exhibited
a relatively constant nal value aer the addition of up to 0.2%.
This phenomenon might be caused by the presence of peptides.
As reported by Primacella, the peptides produced by the
hydrolysis of LEY could stabilize the network and reduce the
speed of fat coalescence.14 The improvement might also be
attributed to the enhanced steric stabilization system, which
could enhance the ability of oil droplets to prevent coales-
cence.22 In addition, enzymatic hydrolysis may increase the
negative charge due to the liberation of carboxylic groups,
which could increase the electrostatic repulsion between egg
yolk proteins or peptides and thus inhibit the interaction
between adsorbed and unabsorbed proteins in the emulsion
system. Heat stability could not continue to increase with the
addition of more than 0.2% enzyme, which may be closely
related to the droplet diameter in the emulsions.
3.2 Emulsifying properties

The mean oil droplet diameter in the emulsions could reect
the emulsifying activity of the sample. As shown in Fig. 2(A), the
droplet diameters decreased by nearly 60% from 3.9 mm to 1.6
mm. Specically, a moderate enzyme dosage (0.2%) could effi-
ciently decrease the size of droplets, and a continued increase in
the enzyme dosage above 0.2% could not continue to decrease
the droplet size. The droplet diameter of the emulsion prepared
with enzymatically modied egg yolk was signicantly smaller
than that of the emulsion prepared with the untreated sample.
The decrease in droplet size may have occurred because the
enzymatic modication had a signicant effect on the
RSC Adv., 2022, 12, 27213–27224 | 27215
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Fig. 1 Optical microscopic images (A) and heat stability (B) of mayonnaise prepared by egg yolk modified with different enzyme dosages.
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minimum droplet size (p < 0.05).23 However, the oil droplet size
did not decrease further with the addition of 0.5% enzyme,
possibly because a higher DH had little inuence on the
reduction in interfacial tension and the improvement in
emulsifying activity because the peptides could not unfold and
reorient at the interface.11 The emulsifying properties could not
increase further, which may also be due to an imbalance
between hydrophilic and hydrophobic groups.24 Therefore,
a suitable addition could be sufficient to improve the emulsi-
fying activity.

The PSD was also an important value that could reect the
emulsifying activity. As shown in Fig. 2(B), the PSD of the
emulsion prepared with enzymatically modied egg yolk
exhibited a leward shi compared to that of the mayonnaise
prepared with LEY. A smaller particle size was associated with
a stronger adsorption capacity. This phenomenon indicated
that the large proteins could be transformed into small particles
aer enzymatic hydrolysis was performed. In addition, granules
formed an insoluble complex through the phosphorus–calcium
Fig. 2 Size of emulsion (A), and particle size distribution of emulsion (B) p
letters indicate significant differences (p < 0.05).

27216 | RSC Adv., 2022, 12, 27213–27224
bridge, which could not be effectively absorbed at the interface
compared with soluble protein. Granule protein was destroyed
upon enzymatic modication, which could lead to an increase
in water solubility, and more water-soluble proteins rapidly
adsorbed to the interface to form droplets with relatively small
particle sizes. The changes in the diameters and PSD of the
droplets were consistent with the alterations in heat stability,
which indicated that emulsifying properties could inuence the
rate of oil droplet merging. The reduced particle size and le-
shied PSD inuenced by solubility were more benecial for
the stability of emulsion systems.
3.3 Degree of hydrolysis and protein solubility analysis

As shown in Fig. 3(A), the nal DH increased from 0 to 8.9% as
the amount of added enzyme increased from 0 to 0.5%. To
a certain extent, a greater addition of enzyme was associated
with a stronger impact on the egg yolk. Solubility is closely
related to the DH and is regarded as the most basic property of
repared by egg yolk modified with different enzyme dosages. Different

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Degree of hydrolysis and protein solubility (A), and zeta potential (B) of egg yolk modified with different enzyme dosages. Different letters
indicate significant differences (p < 0.05).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 1
0:

43
:3

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
proteins, and solubility is also closely related to the interaction
between hydrophilic/hydrophobic groups on the protein surface
and surrounding solvents. As shown in Fig. 3(A), solubility also
increased with increases in the enzyme dosage, which showed
the same trend as that found for DH. The soluble protein
© 2022 The Author(s). Published by the Royal Society of Chemistry
content increased from 44.6% to 62.6% as the enzyme dosage
increased, which may have partially been observed because the
apolipoproteins in the egg yolk were transformed into smaller
proteins or peptides aer enzymatic hydrolysis occurred. The
existence of phosphorus–calcium bridges causes high-density
RSC Adv., 2022, 12, 27213–27224 | 27217
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Fig. 4 Firmness (A), consistency (B), cohesiveness (C), and work of cohesion (D) of hydrolysed egg yolk modified with different enzyme dosages.
Different letters indicate significant differences (p < 0.05).
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lipoprotein and phosvitin to form an insoluble complex under
natural conditions, and soluble hydrolysates are formed when
water-insoluble proteins are destroyed and cleaved aer enzy-
matic hydrolysis, leading to an increase in protein solubility.
Improvements in solubility could inhibit coalescence because
the adsorption behavior of soluble proteins was found to be an
important prerequisite for the formation of lms, and improved
solubility is thus favorable for improving emulsifying proper-
ties. Therefore, these changes improved the quality of
mayonnaise.11
3.4 Zeta potential analysis

The charge of a protein determines its interactions with other
charged targets.25 As shown in Fig. 3(B), the absolute value of
the surface charge of the sample changed from −0.82 to −8.0
with changes in enzyme addition from 0 to 0.3% and then
decreased to −7.44 with the addition of 0.2%. A reasonable
explanation for this phenomenon was that hydrolysis increased
the negative charge due to the liberation of carboxylic groups,26

and the presence of this repulsion force caused the carboxylic
groups to become more resistant to protein–protein interac-
tions. The increase in repulsion between proteins also favored
a high repulsive force between emulsions, which helped to
increase the steric stabilization forces of oil droplets. In addi-
tion, the change in repulsion limited the aggregation behavior
27218 | RSC Adv., 2022, 12, 27213–27224
of emulsion droplets, which could help enhance the stability of
mayonnaise.
3.5 Analysis of mechanical properties

A texture analyzer can accurately detect the position and weight
of food samples over time to determine the physical properties
of the samples. As shown in Fig. 4, increasing the amount of
added enzyme decreased the absolute values of rmness (from
26.715 to 12.625), consistency (from 337.75 to 204.01), cohe-
siveness (from −14.425 to −7.78), and work of cohesion (from
−86.745 to −12.09), which indicated enhanced liquidity. This
phenomenon may be caused by changes in interparticle
colloidal forces among proteins. The balance of interparticle
colloidal forces determines the variation in the consistency of
the forces,27 which includes attractive forces (mainly van der
Waals and hydrophobic forces) and repulsive forces (mainly
electrostatic and steric forces). The mechanical properties
decreased with the addition of enzyme, which showed that
forces among proteins were decreased because enzymatic
hydrolysis degrades proteins from high molecular weight to low
molecular weight. Reduced mechanical properties are favorable
for mixtures with LEY and other substances; thus, these prop-
erties provide a more convenient process of preparing mayon-
naise and result in better quality.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Surface hydrophobicity (A), fluorescence spectra (B), FImax and lmax (C) of hydrolysed egg yolk modified with different enzyme dosages.
Different letters indicate significant differences (p < 0.05).
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3.6 Surface hydrophobicity analysis

Surface hydrophobicity is a characteristic that represents the
conformation and functional properties of proteins.28 LDL and
HDL, as important components that affect the heat stability and
emulsication of egg yolks, have a particularly high proportion
of hydrophobic amino groups;29 thus, the study of surface
hydrophobicity is an important task. As shown in Fig. 5(A), the
surface hydrophobicity decreased from 7199.88 to 5067.55 as
the addition of enzyme increased, and this observed decrease in
hydrophobicity could be attributed to the fact that enzymatic
hydrolysis breaks down hydrophobic areas. According to Li,
Q.,21 this phenomenon may be caused by the exposure and
further hydrophobic interactions between hydrophilic and
hydrophobic groups aer hydrolysis; specically, further
hydrophobic interactions occurred due to the weak steric
hindrance between the peptide chains, which in turn decreased
the H0.30 Decreases in surface hydrophobicity contribute to
increasing the amount of water with which the protein can
interact, which could enhance solubility.

3.7 Intrinsic uorescence spectra

The aromatic amino acids in proteins can be applied as uo-
rescent probes to research protein structure because they can
produce uorescence under excitation.31 Intrinsic uorescence
spectroscopy can reect the microenvironment of aromatic
amino acids, and a decrease in the uorescence signal may be
© 2022 The Author(s). Published by the Royal Society of Chemistry
due to increases in the polarity of the chromophore microen-
vironment. As shown in Fig. 5(B) and (C), the lmax of the
hydrolyzed egg yolk protein shied from 335.1 nm to 341.0 nm,
which suggested that enzymatic hydrolysis changed the polar
environment of tryptophan residues. The uorescence intensity
decreased from 2761.5 to 1250.1, and this nding might have
been obtained because aromatic groups were destroyed or these
hydrolysates had fewer exposed aromatic groups, which would
decrease the uorescence intensity.17
3.8 SDS-PAGE analysis

To understand the effect of enzymatic hydrolysis on the change
in protein composition, SDS-PAGE proles were obtained. The
composition of proteins in yolk is complex, and based on the
difference in density, egg yolk can be separated into plasma and
granules through mild centrifugation. Plasma consists mainly
of low-density lipoprotein and livetin, and granules consist
mainly of high-density lipoprotein and phosvitin. The molec-
ular weights of the two fractions of proteins were observably
different. The obtained bands were identied based on the ex-
pected molecular weights (MW values). According to the liter-
ature, the MW of the egg yolk protein bands were mainly
distributed between 20 and 250 kDa. The bands at 15, 17, 55, 68,
85, 93, 122 and 221 kDa represent apo-LDL; those at 31, 47, 78,
33 and 36 kDa represent b-livetin; those at 55 and 73 kDa are a-
livetin; those at 203 kDa correspond to g-livetin; and those at 31,
RSC Adv., 2022, 12, 27213–27224 | 27219
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Fig. 6 SDS-PAGE, lines 1–9 represent the marker proteins, fresh egg
yolk, hydrolysed egg yolk modified with different enzyme dosages
0.05%, 0.1%, 0.2%, 0.3%, 0.5%, plasma protein and granules protein,
respectively (A) and Fourier transform infrared spectroscopy (B) of egg
yolk modified with different enzyme dosages.
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47, 78 and 110 kDa represent apo-HDL.32 As shown in Fig. 6(A),
enzymatic hydrolysis mainly exerted a great inuence on poly-
peptides with large molecular weights (more than 100 kDa);
additionally, the band at 135 kDa gradually became shallow and
almost disappeared when the addition of enzyme was higher
than 0.2%. We also found that small molecular weights (less
than 35 kDa) appeared because the high-molecular-weight
Table 1 Protein secondary structures of hydrolyzed egg yolk determine

Samples b-Sheet (%) Random coi

FEY 14.21 � 0.03c 35.15 � 0.16
0.05% 14.11 � 0.03b 34.67 � 0.19
0.1% 14.04 � 0.03a 34.56 � 0.20
0.2% 14.20 � 0.03c 34.77 � 0.18
0.3% 14.09 � 0.02ab 35.09 � 0.19
0.5% 14.10 � 0.03ab 35.05 � 0.19

a Different letter indicates signicant difference (p < 0.05).

27220 | RSC Adv., 2022, 12, 27213–27224
proteins were degraded to low-molecular-weight protein
bands. Another plausible explanation was attributed to new
protein groups and the combination of hydrophobic groups and
lipoproteins.21 Overall, large molecular weights were converted
into smaller proteins or peptides, which were favorable for
increasing solubility and emulsifying properties.
3.9 FT-IR

FT-IR is a promising approach for obtaining a better under-
standing of the change in protein structure and functional
groups because it provides structural information on the shi of
absorption peaks and protein secondary structures. The
fundamental frequency vibration of most organic compounds
occurs in the mid-infrared region of 4000–400 cm−1. The main
peaks at 3100–3600 cm−1 were ascribed to N–H stretching and
hydrogen bonding; the peaks at 2800–3000 cm−1 were ascribed
to C–H stretching; and the peaks at 1600–1700 cm−1 corre-
sponded to C]O stretching and hydrogen bonding.33–35 The
absorption peaks of egg yolk lipids were found at 1459 cm−1 and
1383 cm−1 and were mainly ascribed to the shear bending
vibration of –CH2 and the symmetric bending vibration of
–CH3.36,37 As shown in Fig. 6(B), the peak at 3100–3600 cm−1

changed slightly with increases in the enzyme dosage, which
indicated that the hydrogen bond force was inuenced and led
to a change in the functional properties of egg yolk.

In addition, the amide I region (1600–1700 cm−1) is the most
informative part of the FT-IR spectrum regarding the secondary
structure of proteins; thus, a second-derivative procedure was
applied using PeakFit soware to resolve the overlapping
secondary structural elements and thus observe changes in the
secondary structure. The a-helix is relatively stable and has
a compact and noncavity structure, and the b-turn and b-sheet
are relatively stretched ordered structures, whereas the random
coil exhibits a disordered structure.38 The percentage of
proteins in egg yolks with secondary structures aer enzyme
hydrolysis is shown in Table 1. With increases in the enzyme
dosage, the content of a-helix exhibited a decreasing trend from
33.91% to 32.76%, but the b-turns increased from 16.73% to
18.09%, and the changes in b-sheet and random coil changed
only slightly. The phenomena were similar to those reported by
Zhang, X.,39 which indicated that the exibility of protein
molecules was enhanced aer enzyme hydrolysis, facilitating
adsorption at the oil–water interface.40 As reported by Anton,41,42

the exible and loose protein structure produced by enzyme
d by FT-IRa

l (%) a-Helix (%) b-Turns (%)

b 33.91 � 0.04e 16.73 � 0.18a
ab 33.70 � 0.05d 17.52 � 0.22b
a 33.59 � 0.06d 17.81 � 0.23bc
ab 33.24 � 0.04c 17.79 � 0.19bc
b 32.93 � 0.05b 17.89 � 0.21bc
b 32.76 � 0.05a 18.09 � 0.21c

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Correlation analysis between the heat stability of mayonnaise and characters of egg yolk.
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hydrolysis can rapidly diffuse at the oil–water interface and
cover the surface area of the oil droplets. Therefore, the
mayonnaise prepared with the modied yolk can be considered
to have better quality than that prepared with fresh yolks.
3.10 Correlation analysis

Correlation analysis can be applied to analyze the relationship
between mayonnaise heat stability and the characteristics of
enzymatically modied egg yolk. As shown in Fig. 7, mayon-
naise heat stability was positively related to protein solubility
Fig. 8 Schematic illustration of the changes of hydrolysed egg yolk prot
modified egg yolk.

© 2022 The Author(s). Published by the Royal Society of Chemistry
and DH (%), and it was negatively correlated with oil droplet
diameters, x-potential, and rmness. The results indicated that
the improved heat stability of mayonnaise was closely related to
the characteristics of enzymatically modied egg yolk, espe-
cially its emulsifying properties. The results conrmed that
emulsions with smaller droplet sizes could be obtained by using
enzymatically modied egg yolk. A smaller droplet size could
obviously inhibit oil droplet occulation induced by heat
treatment or other conditions. Moreover, decreased egg yolk
rmness was benecial for mixtures with oil, which improved
ein and interfacial stabilization of mayonnaise prepared with protease-

RSC Adv., 2022, 12, 27213–27224 | 27221
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heat stability. Overall, the heat stability of mayonnaise can be
controlled by regulating the emulsifying properties of egg yolk
with enzymatic modication.

A schematic illustration of the changes in hydrolyzed egg
yolk protein and the interfacial stabilization of mayonnaise
prepared with protease-modied egg yolk is shown in Fig. 8.
Enzymatic modication resulted in the cleavage of plasma and
granule proteins, which is represented by the conversion of
large molecules to small molecular weight proteins. From the
perspective of conformation, enzymatic hydrolysis changed the
protein conformation, including changes in hydrophilicity and
hydrophobicity, tertiary structure, hydrogen bonding, and
secondary structure, which was conrmed by H0, intrinsic
uorescence spectra and FT-IR. Moreover, the adsorption
behavior of soluble proteins was found to be an important
prerequisite for the formation of lms, and improved solubility
is thus favorable for improving emulsifying properties.
Furthermore, the smaller molecular weight of the particles
allowed accumulation in the interfacial layer, enhancing the
stability of the emulsion. Emulsions with smaller droplet sizes
had improved heat stability. It is also worth noting that
hydrolysis increased the negative charge due to the liberation of
carboxylic groups, and the presence of this repulsion force
caused the carboxylic groups to become more resistant to
protein–protein interactions. The increase in repulsion between
proteins also favored a high repulsive force between emulsions,
which helped to increase the steric stabilization forces of oil
droplets. In addition, the change in repulsion limited the
aggregation behavior of emulsion droplets, which could help
enhance the stability of mayonnaise. From the perspective of
back extrusion rheology, the decreased rmness of liquid egg
yolk could promote mixing with other materials, which may
increase the contact degree and improve the heat stability of
mayonnaise.

4 Conclusion

Protease-modied egg yolk with 0.2% protease addition has
great potential in the preparation of mayonnaise with improved
heat stability, and the observed improvements were related to
changes in emulsifying properties, surface hydrophobicity and
x-potential. The mechanism resulting in improved heat stability
could be explained by structural characteristics and physico-
chemical properties. Enzymatic hydrolysis can convert compact
structures to relatively stretched ordered structures, destroy
aromatic groups, and change the polar environment of trypto-
phan residues, which makes the protein structure more exible
and thus increases the stability of the emulsion system. Our
results suggest that the improvement in the heat stability of
mayonnaise can be primarily attributed to the degradation of
protein in plasma and granules, which most likely inuences
the mechanical properties of the yolk and generates smaller
emulsion droplets. The study demonstrated the great potential
for the application of enzymatically modied egg yolk as
a material in the production of mayonnaise and may provide
theoretical support for improving the properties of mayonnaise,
which could also broaden the industrial application of
27222 | RSC Adv., 2022, 12, 27213–27224
enzymatically modied egg yolk. Moreover, further study is ex-
pected to identify the peptide sequences related to improved
heat stability.
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