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A B S T R A C T   

α-lactalbumin was modified by ultrasound (US, 20 kHz, 43 ± 3.4 W/cm− 2) pre-treatments (0, 15, 30 and 60 min) 
and laccase cross-linking of sonicated α-lactalbumin was used to evaluate the physical and oxidative stability of 
conjugated linoleic acid (CLA) emulsions. The emulsions prepared with laccase cross-linking US-α-lactalbumin 
(α-lactalbumin treated with US pre-treatment) and US-α-lactalbumin were scrutinized for oxidative and physical 
stability at room temperature for two weeks of storage. Laccase cross-linking US-α-lactalbumin (Lac-US-α-lact-
albumin) revealed improved physical stability in comparison with US-α-lactalbumin, specified by droplet size, 
structural morphology, adsorbed protein, emulsifying properties and creaming index. SDS-PAGE analysis showed 
that there was formation of polymers in Lac-US-α-lactalbumin emulsion. Surface hydrophobicity of Lac-US- 
α-lactalbumin was higher than that of US-α-lactalbumin, and gradually enhanced with the increase of ultrasound 
time. More importantly, the measurements of peroxide values and conjugated dienes were used to study the 
oxidative stability of the CLA emulsions. The Lac-US-α-lactalbumin emulsion proved to be reducing the synthesis 
of fatty acid hydroperoxides and less conjugated dienes compared to the native and US-α-lactalbumin emulsions. 
This study revealed that the combination of US pre-treatment and laccase cross-linking might be an effective 
technique for the modification of CLA emulsions.   

1. Introduction 

Polyunsaturated fatty acids (PUFAs), e.g., conjugated linoleic acid 
(CLA; C18:2), has been proved to be useful due to various health ad-
vantages, like cancer inhibition, beneficial for infant development and 
improving cardiac health [1]. Oxidation of the PUFAs in food matrices 
was speed up by the availability of oxygen, enzymes, metals, light, heat 
and metalloproteins, etc., which might result in the development of 
variation in colour, off-flavours and loss of the other nutrients and 
production of other potentially deleterious substances [2]. 

However, it is essential to create an effective protective method 
during the application of food to control the oxidation of the PUFAs. In 
the past, different kinds of approaches and various studies were carried 
out to identify how to increase the functional attributes of emulsion. 
Conditions such as pressure, temperature, pH and protein concentration 
have been identified to perform an ideal process for emulsification [3-6]. 
Recently, enzymatic tailoring of proteins like cross-linking or hydrolysis 
of proteins has also been attempted. Additionally, cross-linking with the 
usage of different enzymes like peroxidase, tyrosinase, transglutaminase 
[7-9], is the alternate method to increase the emulsifying properties of 
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proteins. Laccase (EC 1.10.3.2) is a blue copper oxidase that can catalyze 
the oxidation of various aromatic substrates. A byproduct H2O formed as 
a result of an oxidation reaction, where oxygen is used as electron 
acceptor [10]. It has been reported that laccase can polymerize different 
kinds of components like lignin and other aromatic compounds [11,12]. 
It has also shown that tyrosine and tyrosine containing peptides can be 
oxidized through laccase [13]. Therefore phenolic groups of protein are 
not considered to be unique for the laccase-induced reaction [14]. 

Functional attributes of proteins can be enhanced by using different 
techniques including heating, ultrasound, microwave and high-pressure 
treatment [15]. Recently ultrasound technology is getting more atten-
tion and has been widely exploited in food processing for both liquid and 
solid media [16]. Ultrasound can easily process high reproducible foods 
within short period of time, resulting in least processing cost, producing 
optimal products and lesser operational time as compared to conven-
tional process [17]. Similarly, ultrasound technology can be applied to 
ensure food safety and quality [18]. 

α-lactalbumin is a crucial component of whey protein and is mainly 
used in food processing [19]. Previously Jiang et al. [20] reported that 
laccase-treated α-lactalbumin in presence of ferulic acid enhanced its 
antioxidant and gel properties. Furthermore, Sato et al. [21] revealed 
that emulsion stabilized with sodium caseinate treated with laccase and 
ferulic acid was kinetically stable throughout seven days of storage. It 
has been demonstrated that physical features of WPI-beet pectin com-
plex coacervations were significantly altered if ferulic acid was used for 
laccase-catalyzed cross-linking [22]. However, the purpose of our study 
is to apply laccase cross-linking of sonicated α-lactalbumin to enhance 
physical and oxidative stability of CLA emulsion without using linking/ 
bridging agents such as ferulic acid, as these linking/bridging agents 
probably have some undesirable effects in food and other applications. 
Another objective of our study is to find the possible changes in oxida-
tive stability of CLA emulsion upon application of combined treatment 
of US and laccase cross-linking of α-lactalbumin. 

2. Materials and methods 

α-lactalbumin was gifted from Davisco Foods International, Eden 
Prairie, MN, USA. According to the manufacturers, the composition of 
α-lactalbumin powders contained 91.6 g per 100 g protein. Laccase (20 
U/g) was obtained from Yuanye Co, (Shanghai, China). Nile blue, Nile 
red and SDS (sodium dodecyl sulfate was procured from Sigma-Aldrich 
Co. (St. Louis, MO, USA). 

2.1. α-lactalbumin stock solution and ultrasound treatments 

A complete dissolution of α-lactalbumin (100 mg/mL) was achieved 
by mixing for 3–4 h in deionized water with a magnetic stirrer at 25 ◦C. 
The pH was adjusted to 7.0 by adding 2.0 mol/L NaOH and kept over-
night at 4 ◦C for complete dissolution. Subsequently, the α-lactalbumin 
solution was sonicated by using an ultrasound processor (DY-1200Y, 
Deyang yibang, instruments Co. Ltd, Shanghai, China) with a 2-cm 
diameter titanium probe. Samples were treated at 20 kHz at 600 W for 
0, 15, 30 and 60 min (pulse duration of working-time 2 s and rest-time 4 
s to avoid the probe damage). By using calorimetric method [23], the 
ultrasound intensity (43 ± 3.4 W/cm2) was calculated. The sonication 
probe was kept at 2 cm inside the solution, and ice cubes were put in 
order to maintain the sample temperature<20 ◦C. 

2.2. Laccase cross-linking of US-treated α-lactalbumin 

Laccase was added into US-treated α-lactalbumin suspension (100 
mg/mL) with an amount of 85 U/g protein to speed up the cross-linking 
reaction and then kept at 40 ◦C for 10 h. subsequently, the mixture was 
heated for 15 min at 75 ◦C to stop the laccase activity. Laccase-treated 
sonicated α-lactalbumin samples were cooled down and lyophilized 
for further analysis. α-lactalbumin without laccase treatment used as a 

control. 

2.3. Preparation of oil in water emulsions 

The emulsion was formed by mixing CLA oil with Lac-US-α-lactal-
bumin or US-α-lactalbumin dispersions with a ratio of 1:4 by using a 
blender (IKA, T18 digital Ultra-Turrax, Germany) operating at 1200 rpm 
for 5 min. The coarse emulsion was then homogenized for four cycles at 
80 MPa using a high pressure homogenizer (HPH/AH-100D, ATS Engi-
neering Ltd, Jiangsu, China) to form a CLA emulsion. Moreover, the 
α-lactalbumin solution was sonicated for 0, 15, 30, and 60 min, after-
wards treated with laccase and finally prepared for CLA emulsion. The 
corresponding emulsion samples were marked as Lac-α-lactalbumin-0 
min, Lac-US-α-lactalbumin-15 min, Lac-US-α-lactalbumin-30 min and 
Lac-US-α-lactalbumin-60 min. The α-LA solution was sonicated for 0, 15, 
30 and 60 min and then prepared for CLA emulsion, marked as α-lact-
albumin-0 min, US-α-lactalbumin-15 min, US-α-lactalbumin-30 min and 
US-α-lactalbumin-60 min. The measured temperature of the Lac-US- 
α-lactalbumin and US-α-lactalbumin emulsion was below 40 ◦C. The 
ultrasound and laccase cross-linking conditions were selected according 
to the related recent research work [24-26]. 

2.4. Surface hydrophobicity measurement 

The surface hydrophobicity of samples was measured by using 1-Ani-
lino-8-naphthalenesulfonate acid (ANS) as a fluorescent probe, based on 
a method of Kato et al. with slight modifications [27]. All samples were 
diluted with 10 mol/L PBS (pH 7.0) and the protein concentration 
ranged from 1 to 5 mg/mL. A 20 μL of 8.0 mol/L ANS was added to 2 mL 
samples and put in the dark at 25 ◦C for 15 min before measurement. The 
fluorescence intensity scanning was performed using a F-7100 fluores-
cence spectrophotometer at the excitation wavelength of 390 nm and 
emission wavelength of 470 nm. Both slits of excitation and emission 
were set at 2.5 nm with a scanning speed of 240 nm/min. The initial 
slope of fluorescence intensity versus corresponding sample concentra-
tions was presented as surface hydrophobicity. Distilled water was used 
as blank. 

2.5. Characterization of emulsion 

2.5.1. pH determination, temperature variation and determination of 
electrical conductivity 

Electrical conductivity, change in temperature and pH determination 
of emulsion samples were measured, being based on the previous 
method by Jambrak et al. [28]. By using a thermometer, the tempera-
ture of the cross-linking and non-cross-linking samples was measured 
and then the averages were taken after every treatment. The pH of 
emulsion was measured with a pH meter (Sartorius-PB-10, China) at 
room temperature. The rate of deviations in conductivities was analyzed 
at room temperature using electrical conductivity meter (DD-307A, 
Leici, Shanghai). 

2.5.2. Particle size 
Particle size distribution of emulsion samples was evaluate by a 

Zetasizer machine (Nano-ZS90, Malvern Ltd, UK). The concentration of 
emulsion samples was diluted to 1 mg/mL with 0.01 mol/L PBS (pH 
7.0). Particle size distribution results obtained from three independent 
experiments were shown by the intensity. 

2.5.3. Zeta potential 
For the measurement of z-potential of oil droplets, a Zetasizer Nano- 

ZS90 (Malvern Instruments Ltd., Worcestershire, UK) was used. The 
emulsions were diluted to 2 mg/mL and then injected into the instru-
ment for measurements. 
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2.5.4. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS- 
PAGE) 

The molecular weight distribution of emulsion samples was evalu-
ated by SDS-PAGE as described by Tong et al. [29] with minor changes. 
Our used gels were composed of 12% acrylamide separating gel and 5% 
acrylamide staking gel. Emulsion samples were diluted in deionized 
water (2.5 mg protein/mL) and the resulting sample was dissolved in 
buffer (1:1) to attain dissociating conditions. The samples were heated at 
100 ◦C for 5 min and then the samples were cooled immediately. Elec-
trophoresis was run for 90 min at 100 V. Coomassie Brilliant Blue R-250 
solution was prepared to dye protein samples and the gels were decol-
orized with a mixture of methanol and glacial acetic acid. 

2.5.5. Emulsifying properties 
Emulsifying activity index (EAI) and emulsifying stability index (ESI) 

of emulsion were determined according to the earlier report [30]. The 
emulsion was taken (50 µL) from the bottom at 0 and 30 min after Lac- 
US-α-lactalbumin and α-lactalbumin treatment and then mixed with 5 
mL of SDS (1.0 mg/mL) and vortex for 6 s. The absorbance was 
measured at wavelength of 500 nm with UV-spectrophotometer (UV 
− 6100 Shanghai, China). Following equations were used to determine 
the EAI and ESI. 

EAI
(
m2/g

)
= 2 x T x A0x DF (1) 

c × ∅x (1-θ) × 10000 

ESI(min) = (A0xΔt)/(A0 − A30) (2)  

where T shows turbidity with value (2.303), DF represents dilution 
factor, c denotes the concentration of the samples (g/mL), θ shows oil 
fraction, ∅ marks optical path. A0 and A30 are absorbance at 0 and 30 
min. 

2.5.6. Creaming stability 
A recently described method [31] was used to describe the creaming 

index (CI) in the Lac-US- α-lactalbumin and US-α-lactalbumin emulsion. 
Glass tubes containing fresh Lac-US-α-lactalbumin and US-α-lactal-
bumin emulsion were kept at room temperature. Following equation 
was used to measure CI% throughout the storage period of two weeks. 

CI%(t) =
Hc
Ht

x 100 (3)  

where Ht shows the total height of the emulsion and Hc is the height of 
supernatant layer 

2.5.7. 2.5.7. Adsorbed protein 
The evaluation of adsorbed protein (AP) was measured through the 

interface of the fresh Lac-US-α-lactalbumin and US-α-lactalbumin 
emulsion with minor modification, as described previously by Liu and 
Tang [32]. In brief, 1 mL of Lac-US-α-lactalbumin or US-α-lactalbumin 
was centrifuged at 15,000 g for 45 min at ambient temperature. The 
supernatant was then filtered by a 0.22 µm filter. Loery method [33] was 
applied to find the concentration of filtrate (Cf) protein (mg/mL). The 
following equation (Eq. (4)) was used to calculate the AP (%). 

AP =

[(
Co − Cf

)

Co

]

*100 (4) 

Where the preliminary concentration of proteins (mg/mL) of Lac- 
US-α-lactalbumin or US-α-lactalbumin is Co solutions, while Cf is the 
protein concentration of filtrate protein (mg/mL). 

2.5.8. Confocal laser scanning microscopy (CLSM) 
A CLSM (Leica TCS SP2, Heidelberg, Germany) technique has been 

used to determine the structural changes in Lac-US-α-lactalbumin and 
α-lactalbumin emulsion. Nile red and Nile blue were used as fluores-
cence dyes for oil phase and protein respectively, with excitation 
wavelength of 488 and 633 nm. A 5 µL stained emulsion was positioned 
on a microscope slide and then slightly enclosed with a coverslip. Lastly, 
the CLSM images were obtained with a 40X magnification lens. Nile blue 
and Nile red were used to obtain all fluorescence images. The overlay 
could allow two dyes relating each other. Particle in red are usually dyed 
with Nile red while green particles of protein are dyed with Nile blue. On 
overlay image the appearance of protein coated oil droplets was pre-
dominantly yellow color (green + red - yellow). 

2.5.9. Lipid oxidation 
In detail, 50 µL of emulsion was dissolved in 750 µL of acetone/ 

isopropanol (2:1, v/v) and vortex for 60 s, and mixed the emulsion 
samples and centrifuged at 550 × g for 10 min at 4 ◦C. After centrifu-
gation, the upper organic phase 100 µL was collected, diluted and vor-
texed with 2.4 mL isooctane. After that, the absorbance was recorded at 
234 nm through UV-spectrophotometer (UV-6100, Metash and 
Shanghai, China). Finally, concentration calculation of the conjugated 
dienes (CDs) was done by using 25,200 M1cm1 as the molar extinction 
coefficient [34]. 

2.5.10. Peroxide values (PV) 
The concentration of Lac- US-α-lactalbumin and US-α-lactalbumin 

emulsion was scrutinized with a reported literature to evaluate the 

Fig. 1. Effect of US pre-treatment (0, 15, 30 and 60 min) and cross-linking on the distribution of particle size of laccase cross-linking US-α-LA (A) and US-α-LA (B).  
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primary product of lipid oxidation [35]. The CLA emulsions (0.3 mL) 
was mingled with 1.5 mL of acetone/2-propanol (iso-propanol) at 3:1, 
(v:v). After centrifugation, the upper portion of supernatant was sepa-
rated to determine the lipid hydroperoxides. The mentioned sample was 
added to a newly autoclaved tube (200 μL) and then mixed it in 2.8 mL 
of methanol/1-butanol (2:1, v:v) solution. Moreover, the thiocyanate 
(15 μL, 3.97 M ammonium thiocyanate) and ferrous (15 μL) were added 
and mixed in the solution. After fully mixed with the help of the stir bar, 
the samples were kept at room temperature for 20 min. Subsequently, 
the absorbance was recorded with the help of a spectrophotometer UV- 
spectrophotometer (UV-6100, Metash and Shanghai, China) at 510 nm. 
The value of PV has been expressed as a millimole of hydroperoxide kg− 1 

of Lac- US-α-lactalbumin and US-α-lactalbumin emulsion with the aid of 
standard curve that was formed through a series of BSA hydroperoxide 
standard solutions. For the identification of peroxidase values, emul-
sions were stored at 23 ◦C and samples were periodically taken for the 
identification of peroxidize values. 

2.6. Statistical analysis 

SPSS 22.0 was used to analyze data for one-way ANOVA and mul-
tiple comparisons of Duncan. P < 0.05 represented statistically 
significant. 

3. Results and discussion 

3.1. Particle size distribution 

The main character which altered the functional and physical 
properties is particle size [36]. The particle size distribution in Lac-US- 
α-lactalbumin and US-α-lactalbumin emulsion is shown in Fig. 1A and 
1B, respectively. The distribution of Lac-US-α-lactalbumin and US- 
α-lactalbumin emulsion varied from 100 to 1000 nm and was lying 
within the range of normal distribution. As shown in Fig. 1A, the Lac-US- 
α-lactalbumin emulsion exhibited a unimodal and narrowed distribu-
tion, compared with US-α-lactalbumin emulsion. The unimodal distri-
bution showed a better emulsion stability. Lac-US-α-lactalbumin-30 min 
sample depicted the smallest particle size and narrowest peak among 
others, showing its better stability. The particle size results were further 
confirmed with the CLSM. 

The particle size was further evaluated as average particle size (Z- 
Ave) of Lac-US-α-lactalbumin and US-α-lactalbumin emulsion, shown in 
Fig. 2A. It is depicted that an increase of ultrasound duration in the 
range of 0–60 min, led to a steady reduction of Z-Ave (278–205 nm) of 
Lac-US-α-lactalbumin and US-α-lactalbumin emulsion. Regarding 
bimodal droplet size distribution, the sample, US-α-lactalbumin-60 min 
emulsion showed a secondary peak (Fig. 1B). It resembled the peaks 
noticed in control. The association of droplet coalescence might be due 
to the secondary peak in control while the treated emulsion showed the 
formation of aggregates. However, Lac-US-α-lactalbumin-30 min 
showed the lowest Z-Ave and polydispersity index (205 nm, 0.2), which 
showed the maximum stability in comparison with native and treated 
samples. The production of acoustic bubbles which increased the oil 
droplet disruptions might be the main cause of obtained results [37]. 
Moreover, the accumulation of oil droplets in the non-cross link emul-
sion was caused by an increased particle size [38]. Furthermore, the 
decline in particle size might be due to the share energy waves and 
cavitation effects produced by the ultrasonic treatment [39]. Previously, 

Fig. 2. Effect of US pre-treatment (0, 15, 30 and 60 min) and cross-linking on 
the Z-Average (A) and PDI (B) of laccase cross-linking US-α-LA and US-α-LA. 
Data were represented as mean and SD (n = 3), significant differences (p <
0.05) in between treatments were differentiated with lower case letters. 

Fig. 3. Effect of US pre-treatment (0, 15, 30 and 60 min) and cross-linking on 
the zeta-potential of laccase cross-linking US-α-LA and US-α-LA. Data were 
represented as mean and SD (n = 3), significant differences (p < 0.05) in be-
tween treatments were differentiated with lower case letters. 
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Sato et al. [21] reported emulsion cross-linked with laccase and ferulic 
acid also presented the secondary peaks and increased in Z-Ave in 
treated samples in comparison with native proteins. 

The polydispersity index (PDI) is an indicator to evaluate the 
dispersion of emulsion. Thus, emulsion with bigger PDI values suggested 
a broad size distribution, showing that emulsion was more susceptible 
toward Ostwald ripening [40]. The PDI of Lac-US-α-lactalbumin and US- 
α-lactalbumin was presented in Fig. 2B. The outcomes showed that the 
values of PDI of Lac-US-α-lactalbumin and US-α-lactalbumin emulsion 
varied from 0.28 to 0.20, respectively. The PDI values below 0.3 in all 
the samples exhibited better dispersibility and stability. The Lac-US- 
α-lactalbumin emulsion showed the least PDI (0.25–0.2) compared with 
US-α-lactalbumin emulsion (0.28–0.24). These results meant that com-
bined treatment of US pre-treatment and enzymatic cross-linking was in 
a better dispersion state. Power ultrasound pre-treatments were found to 
be increased in PDI when applied to reconstituted milk protein 
concentrate [41]. 

3.2. Zeta potential 

The stability of emulsion can be improved by enhancing the repul-
sive forces among oil droplets [42], which can be arbitrated on z-po-
tential values of emulsion [43]. The results are depicted in Fig. 3. All 
treatments had negative values of absolute zeta potential because of the 
negative charge of α-lactalbumin at pH 7.0 greater than its isoelectric 
point [36]. The value of absolute zeta-potential of US-α-lactalbumin was 
determined to be 37–48 mV (highly stable), which increased signifi-
cantly (p < 0.05) after Lac-US-α-lactalbumin treatments with the in-
crease in ultrasound duration from 0 to 60 min. A gradual increase in 
Lac-US-α-lactalbumin was noticed from 44 to 56 mV (highly stable). 
This might be linked to the fact that ultrasonication might disrupt pro-
tein aggregates, resulting in more exposure of negative amino acid res-
idues to the surface of α-lactalbumin molecules, which could be the 
cause of increasing the repulsive forces among droplets. Recently, it was 
reported that absolute zeta potential values of ultrasound-treated 
myofibril protein increased with the ultrasonic capacity ranging from 
0 to 1000 W [44]. Moreover, these results were in agreement with a 
previous study that WPI pretreated by TGase showed comparatively 
greater (p < 0.05) values of zeta-potential than a counterpart dispersion 
[45]. 

3.3. Emulsifying properties 

The emulsifying activity index (EAI) presented the ability of proteins 
absorbed at the interface between oil droplets and water during the 
development of the emulsion to avoid gravitational separation, floccu-
lation and coalescence [46]. As depicted in Fig. 4A. The EAI of Lac-US- 
α-lactalbumin and US-α-lactalbumin significantly increased (p < 0.05) 
from 76.54 to 142.93 m2/g, (approximate increase 86.7%) and from 
67.41 to 137.08 m2/g, with the duration of ultrasound from 0 to 60 min, 
with only an alteration noted from 139.58 to 142.93 m2/g and 120.83 to 
137.08 m2/g at > 30 min. These results indicated that the combined US 
pre-treatment and laccase cross-linking led to the improvement in 
emulsion stability. Moreover, ultrasound stimulated the interface be-
tween proteins and oils or protein and protein. Another possible expla-
nation for improved EAI was because of reduced particle size. It was 
formerly stated that TGase-treated protein had higher EAI than native 
protein with pH increased from 4 to 6 [47]. Interestingly, EAI of 
myofibrillar protein was significantly increased by 95.07% after ultra-
sound treatment from 0 to 6 min [48]. 

Moreover, the emulsifying stability index (ESI) stated to the capacity 
of a protein to sustain emulsion constancy for a predetermined period 
[46]. The ESI of Lac-US-α-lactalbumin and US-α-lactalbumin is pre-
sented in Fig. 4B. The ESI of Lac-US-α-lactalbumin and US-α-lactalbumin 
significantly increased (p < 0.05) from 71.23 to 158.70 min, (an 
approximate increase 122.7%) and from 66.42 to 147.26 min, with the 
duration of ultrasound from 0 to 60 min, with only a very minor vari-
ation was observed at > 30 min. The higher ESI could be due to the 
development of large WPI polymers formed by laccase and US pre- 
treatment. Recently Wang et al. [49] reported that the increase in 
emulsion stability was inferred to the formation of large WPI polymers 
produced by TGase and superfine crushing treatment. Moreover, an 
increase in ESI of cross-linked casein was observed compared with 
casein at the same protein concentration [50]. 

3.4. Creaming stability 

By observation of creaming index, stability of emulsion can be pre-
dicted. The density differences causes creaming and oil layer occurred at 
the surface of the emulsion as large oil droplets moved up [30]. In 
general, poor stability of emulsion has a direct relationship with higher 
index values of the creaming. The creaming layer and visual appearance 
of the Lac-US-α-lactalbumin and US-α-lactalbumin were considered as 
indicators to evaluate the stability of creaming between 1 and 14 days of 

Fig. 4. Effect of US pre-treatment (0, 15, 30 and 60 min) and cross-linking on 
the emulsifying properties (EAI) (A) and emulsifying stability (ESI) (B) of lac-
case cross-linking US-α-LA and US-α-LA. Data were represented as mean and SD 
(n = 3), significant differences (p < 0.05) in between treatments were differ-
entiated with lower case letters. 
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storage. CI percentage and images of Lac-US-α-lactalbumin and US- 
α-lactalbumin emulsion were presented in Fig. 5A and B, respectively. 
Results indicated that the CI of all the Lac-US-α-lactalbumin emulsions 
slightly increased from the initial day to 14 days of storage. Lac-US- 
α-lactalbumin (15 to 60 min) emulsions had lower creaming index than 
control sample (0 min). As observed from current studies, CI reduced 
with the increase of ultrasound duration. The Lac-US-α-lactalbumin 
emulsion at 60 min showed the minimum CI value. Moreover, Lac-US- 
α-lactalbumin emulsion depicted no apparent emulsion stratifications 
during 14 days of storage at room temperature. However, the US- 
α-lactalbumin emulsion also indicated the CI of all the US-α-lactalbumin 
gradually increased from 0 to 14 days. The untreated (control) α-lact-
albumin emulsion showed the worst stability with the maximum CI 
value (13.3%) upon visual appearance. This might be linked to the fact 
that the inhomogeneous distribution of oil droplets. Furthermore, the 
US-α-lactalbumin showed good stability without any phase separation 
throughout the storage of 14 days at room temperature. The lower 
values of CI in the Lac-US-α-lactalbumin and US-α-lactalbumin emulsion 
might be ascribed to the greater ratio of adsorbed protein fraction 
(Fig. 6) and the small average particle of oil droplets (Fig. 2A). Similarly, 
it has been previously described for stabilized soy protein isolate 
emulsion that the decrease in CI was associated with the increase in US 
intensity [51]. Sato et al. [21] revealed that all the emulsions treated 
with laccase and ferulic acid were kinetically stable for seven days of 

Fig. 5. Effect of US pre-treatment (0, 15, 30 and 60 min) and cross-linking on the creaming index (CI %) (A) and typical visual image (B) of laccase cross-linking US- 
α-LA and US-α-LA stored at room temperature for 14 days. 

Fig. 6. Effect of US pre-treatment (0, 15, 30 and 60 min) and cross-linking on 
adsorbed protein (AP %) of laccase cross-linking US-α-LA and US-α-LA. Data 
were represented as mean and SD (n = 3), significant differences (p < 0.05) in 
between treatments were differentiated with lower case letters. 

Fig. 7. The structure morphology of ultrasound pretreatment (0, 15, 30 and 60 min) and cross-linking on the CLSM micrograph of laccase cross-linking US-α-LA and 
US-α-LA. Red color denoted oil phase and green represented protein phase. Magnification 40X, and scale bar represent 50 µm. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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storage at pH 7.0. 

3.5. Adsorbed protein 

The emulsion stability is influenced by the formation of protein- 
membrane, which is formed as a result of the absorption of protein 
molecules on the oil surface [52]. The adsorbed protein of Lac-US- 
α-lactalbumin and US-α-lactalbumin is depicted in Fig. 6. The value of 
adsorbed protein of Lac-US-α-lactalbumin and α-lactalbumin emulsion 
was 44.2% and 31.1%, respectively. With the increase of US duration 
(0–60 min), the protein absorption of both Lac-US-α-lactalbumin and 
US-α-lactalbumin remarkably increased (p < 0.05). Lac-US-α-lactal-
bumin showed maximum value of 61.4% at moderate US treatment 
(600 W, 30 min). In contrast, US-α-lactalbumin showed maximum 

protein adsorption of 44.7% after US treatment of 60 min. This finding 
was consistent with the CLSM microscopy (Fig. 7). A comparison of 
Fig. 6 with Fig. 2A also showed a close relationship between droplet size 
and protein adsorption for Lac-US-α-lactalbumin and US-α-lactalbumin. 
In most cases, the smaller droplet size had the higher protein absorption. 
Similarly, a previous study reported an inverse relationship between 
droplet size and protein absorption for emulsion modified by combined 
US-papain hydrolysis and papain hydrolysis [50]. 

3.6. pH, temperature variation and electrical conductivity determination 

The stability of an emulsion can also be evaluated through electrical 
conductivity [53]. pH, temperature and electrical conductivity (EC) of 
Lac-US-α-lactalbumin and US-α-lactalbumin emulsion are shown in 
Table 1. As presented in Table 1, sonication was not induced any 
noticeable changes in the pH of Lac-US-α-lactalbumin and US-α-lactal-
bumin emulsion. On the contrary, its value of EC was significantly (p <
0.05) altered, particularly for the Lac-US-α-lactalbumin emulsion after 
US treatment (15 to 60 min). The increase in EC might be due to the 
impact of sonotrode and metal erosion during treatments and the release 
of metal particles. Also, the EC was related to temperature and the 
fraction of oil. Moreover, a significant (p < 0.05) reduction of EC was 
observed in US-α-lactalbumin emulsion in comparison to Lac-US- 
α-lactalbumin one. This was due to the presence of ion aggregates which 
didn’t take part in the conduction process, the other possible reason 
could be due to decrease in viscosity which can apparently reduce EC 
[54]. Previously, the researcher also noted that the formation of hy-
droxyl radicals and additional species resulted in better conductivity 
during sonication [55]. Bernardi et al. [56] noticed the increase in EC of 
oil in water nanoemulsion stabilized by rice bran oil, due to the small 
particle size and pH value. 

Effect of temprature on Lac-US-α-lactalbumin and US-α-lactalbumin 
emulsion is shown in Table 1. A rise in the temperature (up to 31 ◦C) was 
observed in Lac-US-α-lactalbumin and US-α-lactalbumin emulsion, 
being lower than protein denaturation temperature [57]. This might be 
in virtue of high energy input up to 20 kHz probe. Our recent result was 
in line with Jambrak et al. [24], who proved that a remarkable increase 
in temperature was noted after US-treated α-lactalbumin due to ultra-
sound vibration and micro heating of the systems. 

Table 1 
Variation in pH, electrical conductivity (mS/cm− 1), temperature (oC), and an 
average increase in temperature of laccase cross-linking α-LA and US-α-LA 
emulsion. α-LA, control (0 min); Laccase cross-linking US-α-LA (15 min); Laccase 
cross-linking US-α-LA (30 min); Laccase cross-linking US-α-LA (60 min) and 
without laccase cross-linking, ultrasound pretreated α-LA, Control (0 min); US- 
α-LA (15 min); US-α-LA (30 min) and US-α-LA (60 min).  

Treatments pH Electrical Conductivity 
(mS/cm− 1) 

Temperature 
(oC) 

‾xc 
(oC) 

α-LA + Lac 0 
min 

7.0 ±
0.1b 

3.16 ± 0.02a 23.5 ± 0.1e  – 

α-LA + Lac 15 
min 

7.1 ±
0.1a 

3.27 ± 0.01a 28.4 ± 0.1d  4.9 

α-LA + Lac 30 
min 

7.1 ±
0.1a 

3.32 ± 0.01a 31.2 ± 0.1a  7.7 

α-LA + Lac 60 
min 

7.2 ±
0.1a 

3.22 ± 0.01a 31 ± 0.1a  7.5 

α-LA-0 min 7.0 ±
0.1b 

1.16 ± 0.1b 24 ± 0.2e  – 

US-α-LA 15 
min 

7.1 ±
0.1a 

1.11 ± o.1c 31.1 ± 0.15a  7.1 

US-α-LA 30 
min 

7.2 ±
0.1a 

1.16 ± 0.1b 29.5 ± 0.1c  5.5 

US-α-LA 60 
min 

7.1 ±
0.1a 

1.04 ± 0.1d 30.1 ± 0.2b  6.1 

Each value represents the mean of three independent experiments. Different 
superscript small letters indicate statistical significance at a value of (p < 0.05). 

c Indicates the average increase in temperature after each different treatment. 

Fig. 8. Effect of US pre-treatment (0, 15, 30 and 60 min) and cross-linking on the conjugated dienes (CDs) (A) and peroxide value (PV) (B) of laccase cross-linking 
US-α-LA and US-α-LA stored at room temperature for 15 days. Data were represented as mean and SD (n = 3), significant differences (p < 0.05) in between treatments 
were differentiated with lower case letters. 
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3.7. Confocal laser scanning microscopy (CLSM) 

The microstructure of Lac-US-α-lactalbumin and US-α-lactalbumin 
emulsion was measured by using confocal laser scanning microscopy to 
see a direct image of droplet conduct. In Fig. 7, oil and protein emitted 
reddish and greenish-yellowish fluorescent light respectively. For fresh 
emulsions of Lac-US-α-lactalbumin and US-α-lactalbumin, the distribu-
tion of oil droplets was homogeneous, there were some bigger droplets 
but the diameter of most droplets were lesser than the range of 1 µm with 
a small amount of flocculation discernible (panel Lac-US-α-lactalbumin 
30 min, 60 min and panel US-α-lactalbumin 60 min, Fig. 7). Coalescence 
was found to occur during the emulsion of native Lac-US-α-lactalbumin 
and US-α-lactalbumin as distribution of large oil droplets was depicted 
(panels Lac-α-lactalbumin and α-lactalbumin, Fig. 7). It could be due to 
the strong attractive interaction. Another possible explanation for these 
large oil droplets might be due to inadequate emulsification, resulting in 
uneven distribution. For the Lac-US-α-lactalbumin emulsion, the drop-
lets stayed almost stable, showing good storage stability against coa-
lescence. Moreover, the droplets of emulsion were homogeneously 
dispersed and no concentration-effect was showing small oil droplets as 
observed in comparison within the absence of Lac-US-α-lactalbumin 
(panel Lac-US-α-lactalbumin 15 to 30 min, Fig. 7). There was an increase 
in droplet dispersion in the US-α-lactalbumin emulsions significantly 
enhanced the creaming of droplets. Because of this clarification occurred 
on the top with large oil droplets, which ultimately fused into a 
yellowish coloured separate layer (Fig. 5B). Ma et al. [38] also stated 
that the laccase-treated vanillic acid-WPI emulsion showed good storage 
stability after 72 h in comparison without cross-linking. Moreover, Sato 
et al. [21] also reported that flocculation and inhomogeneous disper-
sions were observed in sodium caseinate emulsion treated with laccase 
and ferulic acid at different acidic pH in comparison with neutral pH. 

3.8. Lipid oxidation 

Conjugated dienes (CDs) are often used to determine primary 
oxidation products or to characterize antioxidative properties [58]. 
During storage, we studied the link between physical and oxidative 
stability of emulsion treated with Lac-US-α-lactalbumin and US-α-lact-
albumin. In all emulsions, we observed the progression of lipid oxida-
tion, an increased formation of CDs above baseline was observed after 
the 3rd day of storage. On the 9th day the levels of CDs were maximum 
in all Lac-US-α-lactalbumin and US-α-lactalbumin emulsions of 4–16 
mmol/kg (Fig. 8A). Lac-US-α-lactalbumin-60 min emulsion displayed 
significantly lower CDs on days 3rd to 15th compared with other Lac- 
US-α-lactalbumin emulsions. In contrast, the US-α-lactalbumin-15 min 
and US-α-lactalbumin-30 min emulsions possessed a same level of CDs 
compared to US-α-lactalbumin-60 min and native (α-lactalbumin-0 min) 
emulsions. These results suggested that laccase cross-linking with US 
pre-treatments enhanced the capability of α-lactalbumin to sustain sta-
bility to lipid oxidation in CLA oil in water emulsions. It has been pro-
posed that laccase cross-linking combined with ultrasound pre- 
treatments probably resulted in enhancing antioxidant properties of 
the native protein, its scavenging ability and chelate metal ions [59]. A 
recent study by Liu et al. [60] found that the enzymatic hydrolysis of 
(FBPI) fava bean protein isolate modified by alcalase could improve its 
oxidative and physical stability of the emulsion. The author ascribed 
that the antioxidant properties of native proteins were enhanced by 
moderate hydrolysis and transition metals. In addition, free radicals 
could be scavenged by hydrolysates, which resulted in reducing emul-
sion lipids oxidation. 

3.9. Peroxide values (PV) 

The main cause of oil deterioration was oxidation and the primary 
product during this reaction was hydroperoxide produced as a result of 
the reaction between unsaturated fattyacid and oxygen. The oxidation of 

Lac-US-α-lactalbumin and US-α-lactalbumin emulsions were observed 
and showed as peroxide values (PV) during two weeks of storage. The 
development of main oxidation products in Lac-US-α-lactalbumin and 
US-α-lactalbumin emulsions were measured as PV(Fig. 8B), progres-
sively improved throughout storage time with significant (P < 0.05) 
statistical increase. The PV of Lac-US-α-lactalbumin emulsion increased 
with the storage time prolonged. PV values were 46.03, 43.74, 41.02 
and 38.10 meq/kg oil for emulsions treated with native (control), Lac- 
US-α-lactalbumin-15 min, 30 min and 60 min, respectively, after 15 days 
of storage at ambient temperature. The Lac-US-α-lactalbumin-15 min 
and 30 min, had a similar level of PV than Lac-US-α-lactalbumin-60 min 
emulsions. Besides, the emulsions treated without laccase were also 
increased with time from initial to 15th day of storage. The PV values of 
the control emulsion reached the maximum value (55.04 meq/kg oil) on 
day 15. However, the PV values of the US-α-lactalbumin-30 min and US- 
α-lactalbumin-60 min emulsion reached the maximum levels of 50.10 
and 49.54 meq/kg oil, respectively, on day 15, which was much lower 
than that of the US-α-lactalbumin-30 and native emulsions. US-α-lact-
albumin emulsion showed low oxidative stability due to its large particle 
sizes, thus led to creaming and accruing direct exposure of oxygen in the 
headspace. On the contrary, there was an increase in the interfacial area 
due to the smaller particle size of Lac-US-α-lactalbumin emulsion, which 
might enhance the vulnerability of emulsion to react with oxygen in a 
continuous phase when there was a large availability of oxygen. The 
above findings were in line with Lethuat et al. [61], who investigated 
conjugated diene in emulsion made and stabilized from sunflower oil 
and bovine serum albumin. Moreover, in another study conducted by Let 
et al. [62] showed less oxidation with smaller droplets in milk stabilized 
fish oil emulsions. Likewise, higher stability with smaller droplet sizes 
was observed in caseinate-stabilized emulsion [63]. 

3.10. Surface hydrophobicity measurement 

To estimate the variations in protein conformation surface hydro-
phobicity is used as structural characterization [64]. Surface hydro-
phobicity of Lac-US-α-lactalbumin and US-α-lactalbumin is shown in 
Fig. 9. Lac-US-α-lactalbumin and US-α-lactalbumin produced a sub-
stantial rise (p < 0.05) in surface hydrophobicity with US time from 0 to 
60 min. This outcome was in agreement with Yuan et al. [25] stated that 
surface hydrophobicity of laccase-catalyzed α-lactalbumin in the pres-
ence of ferulic acid showed a remarkable increase in comparison with 
α-lactalbumin and α-lactalbumin incubated with laccase. Furthermore, 

Fig. 9. Effect of US pre-treatment (0, 15, 30 and 60 min) and cross-linking on 
surface hydrophobicity of laccase cross-linking US-α-LA and US-α-LA. Data 
were represented as mean and SD (n = 3), significant differences (p < 0.05) in 
between treatments were differentiated with lower case letters. 
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it was also reported that surface hydrophobicity of WPI increased with 
an increase of ultrasound power (0–600 W) and pH value (3–11) [65]. 
This showed that cavitation produced during ultrasound could induce 
the generation of laccase-catalyzed α-lactalbumin conjugate. Similarly, 
it was also known that ultrasound pretreatment could result in 
increasing surface hydrophobicity of the transglutaminase cross-linked 
wheat gluten gels and soy protein isolates [66].Fig. 

3.11. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS- 
PAGE) 

The effect of combined ultrasound pretreatment (0, 15, 30 and 60 
min) and laccase cross-linking is evaluated by using SDS-PAGE under 
reducing conditions (Fig. 10). Compared with US-α-lactalbumin emul-
sion, Lac-US-α-lactalbumin emulsion had the formation of polymers 
around at 120 kDa. Furthermore, Yuan et al. [25] stated that there was 
production of polymers, trimers and dimers of 40–120 kDa in α-lactal-
bumin treated with laccase and FA. However, with US time prolonged, 
molecular weight distribution of Lac-US-α-lactalbumin and US-α-lact-
albumin emulsion was not changed. 

4. Conclusion 

This study revealed the promising use of combined treatment of US 
pre-treatment and laccase cross-linking to improve the oxidative sta-
bility of α-lactalbumin-stabilized CLA emulsions. We found a significant 
increase in emulsifying properties and oxidative stability of CLA emul-
sions after combined treatment of US pre-treatment and laccase cross- 
linking. Lac-US-α-lactalbumin emulsion showed no sign of phase sepa-
ration, lower creaming index, smaller particle size and a higher ratio of 
adsorbed protein at the oil–water interface than US-α-lactalbumin 
emulsion. Our derived results have shown the possibility for the for-
mation of stable CLA emulsions in the food and beverage industries. 
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