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A B S T R A C T   

The effect of high hydrostatic pressure (HHP) (0.1, 100, 200, 300, 400 and 500 MPa) on the structur-
e–emulsifying relationship of scallop mantle protein was investigated. Overall, HHP could significantly change 
the secondary structure including the decrease of α-helix relative content and the increase of β-fold content, 
surface hydrophobicity, free sulfhydryl groups of scallop mantle protein. Compared with the untreated ones, 
scallop mantle protein had small particle size, zeta potential, solubility, and interfacial tension, as well as good 
emulsifying properties after proper HHP treatment. Scallop mantle protein treated at 200 MPa possessed the 
optimal emulsification (75.09 ± 0.50 m2/g) while it treated at 100 MPa exhibited the maximum emulsion 
stability (17.51 ± 0.12 min) due to high adsorbed protein content (89.25 ± 0.26%). Therefore, HHP treatment 
was a potential method to improve the emulsifying properties of shellfish proteins by structure modification.   

1. Introduction 

As filter-feeding bivalve mollusk, scallop (Patinopecten yessoensis) is 
commonly farmed and traded seafood all over the world (Shan et al., 
2021). As the main by-product in processing, scallop mantle is the white 
mantle-like edge meat with pleats near the edge of shellfish, accounting 
for about 10% of the total scallop wet weight except shell. Scallop 
mantle is rich in protein, vitamins, fats, trace elements, unsaturated fatty 
acids, active peptides and others. However, it is mostly discarded as 
waste. Moreover, scallop mantle proteins like sarcoplasmic proteins play 
an important role in functional properties like solubility, dispersibility 
and emulsibility (Ding et al., 2021; Wu, Wu, Ma, et al., 2019; Wu et al., 
2019, 2019). 

Emulsion is an indispensable part of many foods, and it has a great 
influence on food physicochemical and sensory properties like stability, 
texture, appearance, aroma and taste (McClements, 2012). Scallop 
mantle protein is a potential natural emulsifier with good emulsifying 
properties, environmentally friendly and safety compared with synthetic 
surfactants such as Spans and Tweens (Chassaing et al., 2015). The 
emulsifying properties of scallop mantle proteins like emulsion forma-
tion and emulsion stability are affected by their interface properties such 

as adsorption rate and interfacial tension, which are directly determined 
by protein structure (Chang, Tu, Ghosh, & Nickerson, 2015). 

High hydrostatic pressure is widely applied to food processing in-
dustry and to modulate protein structure, as well as to improve its 
functional properties. With volume compression under HHP, the ag-
gregation, denaturation and emulsifying properties of proteins might be 
affected due to the distant change between atoms, the breakage and 
formation of different chemical bonds, and the interplay among protein 
molecules (Bonfim, Oliveira, Godoy, & Rosenthal, 2019; Martí-
nez-Monteagudo, Saldaña, Torres, & Kennelly, 2012; Wang, Huang, 
Hsu, & Yang, 2015). The emulsifying properties of kidney bean protein 
isolate are improved under high pressure via structure modification 
(Ahmed, Al-Ruwaih, Mulla, & Rahman, 2018). For cowpea protein 
isolate, soybean protein isolates and ginkgo seed protein, high pressure 
can induce the protein unfolding, the decrease of α-helix and particle 
size, and improvement of interfacial properties, which is conducive to 
the emulsion stability of protein (Bai et al., 2021; Wu, Wu, Ma, et al., 
2019). There are few reports on the emulsifying properties of 
HHP-treated scallop mantle protein. Relationship among structure, 
dispersion and emulsification was still unclear. 

The objective of this study was to investigate the effect of HHP on the 
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relationship among structure change, dispersion behavior, interfacial 
properties, and emulsifying properties of scallop mantle protein. Firstly, 
scallop mantle protein was treated under different HHP (0.1, 100, 200, 
300, 400 and 500 MPa) for 10 min, respectively. Secondly, the protein 
was analyzed based on the change of primary, secondary and tertiary 
structures. Finally, the underlying mechanism of emulsion formation 
and stability was revealed via structure modification, dispersion 
behavior and interfacial properties of scallop mantle protein. The results 
will lay a theoretical foundation to explore the shellfish protein emul-
sifier and broaden the application of scallop protein. 

2. Materials and methods 

2.1. Materials 

Frozen mantle of Yesso scallop (Patinopecten yessoensis) was obtained 
from Gyrfalcon Co., Ltd. (Qinghuangdao, China). Ellman’s reagent (5,5′- 
dithiobis (2-nitrobenzoic acid) (DTNB) and 8-Anilino-1-naphthalenesul-
fonic acid (ANS) were purchased from Sigma-Aldrich Chemical Co. (St. 
Louis, Mo., U.S.A.). Ethylenediaminetetraacetic acid (EDTA) and Brad-
ford G-250 were purchased from Beijing Solarbio Science & Technology 
Co., Ltd. (Beijing, China). All chemicals and reagents were analytical 
grade. All solutions were prepared by Milli-Q water. 

2.2. Methods 

2.2.1. Hydrophilic scallop mantle protein preparation 
The scallop mantle protein was extracted according to our previous 

method (Ding et al., 2021). Phosphate Buffer Solution (PBS) (0.05 
mol/L, pH 7) was mixed with the raw scallop mantle meat at a mass ratio 
of 1:2 using a high-speed homogenizer (Ultraturrax T25, IKA, Staufen, 
Germany) for 2 min. Then it was stirred for 1.5 h and centrifuged at 
1700×g for 20 min (Rotanta 460R, Hettich, Germany). The collected 
supernatant was the scallop mantle protein solution with a concentra-
tion of 10 mg/mL. The obtained scallop mantle protein solution was 
stored at − 20 ◦C until use. 

2.2.2. HHP treatment 
Scallop mantle protein solution (10 mg/mL) was sealed in poly-

propylene bag and then treated at 6 ◦C with the pressure of 100 MPa, 
200 MPa, 300 MPa, 400 MPa and 500 MPa for 10 min, respectively 
(HPP. L2-600-2, Huatai Ltd., Tianjin, China). 

2.2.3. Molecular mass analysis 
The primary structure of scallop mantle proteins was analyzed using 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
according to previous method (Laemmli, 1970) with few modifications, 
marker from Sevenbio Co. Ltd. ( Sevenbio, Beijing, China). Separation 
gel (120 g/L) and stacking gel (50 g/L) were used. The protein sample 
(20 μL of a 10 g/L solution) was mixed with 5 μL buffer solution prior to 
loading. The loading amount was 10 μL with different molecular weight 
proteins as marker (10 kDa–250 kDa). 

2.2.4. Secondary structure analysis 
The secondary structure of scallop mantle protein solution was 

detected using the Circular Dichroism Spectropolarimeter (Jasco-815, 
Jasco Corp., Tokyo, Japan) with 0.5 mm optical path, 1 nm bandwidth 
and a 60 nm/min scan rate according to our previous method (Chan-
drapala, Zisu, Palmer, Kentish, & Ashokkumar, 2011). 

2.2.5. Tertiary structure analysis 
Fluorescence spectrophotometer (F-320, Tianjin GangDong Scienti-

fic Co. Ltd., Tianjin, China) was applied to analyze the endogenous 
fluorescence spectrum of 0.2 mg/mL HHP-treated samples (Wu, Wu, Ma, 
et al., 2019). The excitation wavelength and the emission wavelength 
were set as 290 nm and 300–400 nm respectively, while constant crack 

width was set as 5.0 nm between the excitation wavelength and the 
emission wavelength. 

2.2.6. Total sulfhydryl (SH) and free sulfhydryl determination 
The sulfhydryl content of scallop mantle protein solution was 

determined with DTNB rate colorimetry (Ellman, 1959). In short, 
scallop mantle protein solution (0.5 mL, 1 mg/mL) was dissolved in 5 mL 
buffer solution (10 mmol/L EDTA, 8 mol/L urea, 20 mmol/L Tris-HCl, 
pH 6.0). The total thiol group was measured with the addition of 
DTNB (100 μL, 10 mmol/L) after reacting at room temperature for 0.5 h. 
For free SH detection, 5.5 mL protein solution (1 mg/mL) was mixed 
with 100 μL DTNB (10 mmol/L) to react at 4 ◦C for 1 h. The absorbance 
values at 412 nm were measured with a UV spectrophotometer 
(TN6000, Shanghai Youke Instrument Co., Ltd., Shanghai, China). 

SH (μmol / g) =
73.53 × A412 × D

C
(1)  

Where A412 is the absorbance value at 412 nm; C is the protein con-
centration (mg/mL); D is the dilution factor. 

2.2.7. Particle size and zeta (ζ)-potential measurement 
Nanoparticle zeta potential analyzer (Nano ZS900, Malvern In-

struments, Southboro, Mass., USA) was used to analyze the particle size 
and zeta potential of scallop mantle protein solution and emulsion. The 
droplet size (D4,3) was calculated according to Mie scattering theory 
(Roy, Mao, Huang, & Leong, 1999). 

2.2.8. Scanning electron microscopy (SEM) 
Scallop mantle protein was observed using scanning electron mi-

croscope (JSM7800, JEOL, Tokyo, Japan) after coating with gold (Jin, 
Okagu, Udenigwe, & Ahmedyagoub, 2021). The magnification was 200 
times. 

2.2.9. Solubility measurement 
After centrifugation for 10 min using a 1300×g refrigerated centri-

fuge (Rotanta 460R, Hettich, Germany), the protein content in the su-
pernatant was analyzed according to the Bradford method (Bradford, 
1976). The following formula (2) was used to calculate protein 
solubility. 

Solubility (%) =
Protein content in supernatant
Total protein content in sample

× 100 (2)  

2.2.10. Surface hydrophobicity measurement 
ANS fluorescent probes were used to measure the surface hydro-

phobicity (H0) of HHP-treated protein samples (Haskard & Li-Chan, 
1998). Protein samples (0.04–0.2 mg/mL) were mixed with ANS solu-
tion (50 μL, 8 mmol/L) and reacted in the dark for 15 min. Then, fluo-
rescence intensity was detected by a fluorescence spectrometer (F4600, 
Hitachi, Tokyo, Japan) with emission wavelength of 470 nm and exci-
tation wavelength of 390 nm. Surface hydrophobicity was the slope 
value of the initial segment in the line graph with protein concentration 
as horizontal axis and fluorescence intensity as vertical axis. 

2.2.11. Interfacial tension 
The interfacial tensions between soybean oil and scallop mantle 

protein solutions with different HHP treatment were measured by sur-
face tension meter (Dataphysics DCAT21, Dataphysics Instrument 
GmbH, Stuttgart, Germany) using wilhelmy plate method (Heertjes, 
Smet, & Witvoet, 1971). The profile of the protein solution drop into 
soybean oil was recorded over the course of 7000 s. All tests were carried 
out at 25 ◦C with an accuracy of ± 0.01 mN/m. 

2.2.12. Emulsion preparation 
Scallop mantle protein solution (90 mL, 10 mg/mL) was mixed with 

soybean oil (10 mL) and then stirred with a high-speed homogenizer 
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(Ultraturrax T25, IKA, Staufen, Germany) in ice bath for 2 min to pre-
pare coarse emulsion. Then the coarse emulsion was homogenized in ice 
bath using a high-pressure homogenizer (Ning Bo Scientz Biotechnology 
Co. Ltd., Ningbo, China) with 3 times at 40 MPa to fabricate final 
emulsion. 

2.2.13. Protein adsorption at the interface 
Protein adsorption at the interface were characterized using the 

modified methods (Puppo et al., 2011). The emulsion (5 mL) was 
centrifuged at 4 ◦C to obtain the creaming layer and aqueous layer 
(6790×g, 30 min). The protein content in the aqueous phase was 
determined using the Bradford method (Bradford, 1976). Protein 
adsorption at the interface was calculated as follows: 

AP( %)=
C0 − Cs

C0
× 100%  (3)  

where C0 is the initial protein concentration (mg/mL) in protein sample 
solution, and Cs is the protein concentration (mg/mL) in the aqueous 
phase. 

2.2.14. Determination of emulsion droplet size 
Droplet size of emulsion was detected at 25 ◦C using a laser particle 

size analyzer (S3500, Microtrac Co., Ltd., USA). The refractive index was 
1.59 while the dispersant refractive index was 1.33. The droplet size of 
emulsion (D4,3) was calculated according to Mie scattering theory. 

2.2.15. Emulsifying activity index (EAI) and emulsion stability index (ESI) 
The EAI and ESI were performed based on previous report (Pearce & 

Kinsella, 1978). An aliquot of 50 μL of the emulsion were sucked from 
the bottom of the beaker and mixed evenly with sodium dodecyl sulfate 
solution (5 mL, 1 g/L). EAI and ESI were calculated using Eqs. (4) and (5) 
according to the absorbance values at 500 nm after 0 min and 10 min 
using a UV spectrophotometer (TN6000, Shanghai Youke Instrument 
Co., Ltd., Shanghai, China). 

EAI
(
m2 /

g
)
=

2 × 2.303 × A0 × N
φ × Protein weight(g)

(4)  

ESI(min)=
A0

A0 − A10
× 10 (5)  

Here, A0 and A10 are the absorbance values at 0 min and at 10 min 
respectively, φ is the proportion of oil phase in emulsion (0.25), and N is 
1. 

2.2.16. Creaming index (CI) and appearance of emulsion 
The CI of emulsion stabilized by different HHP-treated proteins from 

scallop mantle was evaluated using the storage method (Keowma-
neechai & Mcclements, 2002). Emulsion in sealed tubes were stored at 
ambient temperature for 5 h. The total height of the emulsion (Ht) and 
the height of the water layer (HW) were employed every hour to assess 
the creaming stability. The CI value was calculated using the following 
formula (6). Meanwhile, macroscopic images of the emulsions were 
acquired every hour using a digital camera (SX610, Canon, Tokyo, 
Japan). 

CI( %)=
Hw

Ht
× 100% (6)  

2.3. Statistical analysis 

All experiments and measurements were performed in triplicate. 
Ducan test (p < 0.05) and one-way ANOVA were applied to conduct 
significant difference analysis using SPSS version 25. 

3. Results and discussion 

3.1. Structural characterization of scallop mantle protein treated by HHP 

3.1.1. Primary structure 
SDS-PAGE was applied to explore the effect of high hydrostatic 

pressure on the primary structure of scallop mantle protein. The main 
proteins in scallop mantle protein were actin, promyosin and myosin 
light chains with the molecular weight values of 43 kDa, 36 kDa and 27 
kDa respectively, which belong to globular proteins and are potential to 
be surface-active due to compact spheroid structures (Fig. 1a). The SDS- 
PAGE profile indicated that high hydrostatic pressure did not change the 
components or degrade scallop mantle protein. High pressure did not 
disrupt peptide bonds and protein primary structure (Oliveira, Neto, 
Santos, Ferreira, & Rosenthal, 2017; Zhang, Yang, Zhou, Zhang, & 
Wang, 2017). Similar results are obtained on red abalone muscle pro-
teins after high pressure treatment (Cepero-Betancourt, 
Opazo-Navarrete, Janssen, Tabilo-Munizaga, & Pérez-Won, 2020). 

3.1.2. Secondary structure 
The changes in secondary structure content of scallop mantle protein 

treated at different pressures were characterized by CDs and shown in 
Table 1. With the increase of HHP, the relative content of α-helix 
decreased significantly, whereas that of β-sheet increased. Moreover, the 
relative content of β-turn and random coil did not change significantly. 
HHP tend to transform α-helix to relatively loose β-sheet (Shi et al., 
2020). The protein unfolding after HHP treated facilitates the interac-
tion between protein molecules and may be conducive to the formation 
of interfacial films on the surface of oil droplets (Lee, Lefevre, Subirade, 
& Paquin, 2009). 

3.1.3. Tertiary structure 
The tertiary conformation of HHP-treated scallop mantle protein was 

detected by endogenous fluorescence spectrum. HHP induced protein 
unfolding and thus increased the fluorescence intensity of the scallop 
mantle protein as observed in Fig. 1b (Han, Wang, Wang, & Tang, 2020). 
However, the fluorescence intensity decreased with the pressure in-
crease from 100 MPa to 400 MPa. The fluorescence quenching gradually 
indicated that aromatic amino acid residues like Trp, Tyr and Phe of 
scallop mantle protein were transferred from the hydrophilic surface to 
the hydrophobic interior, suggesting the protein reaggregation (Guo 
et al., 2021). Tertiary structure of scallop mantle proteins could be 
regulated by HHP through changes in the hydrogen bond and hydro-
phobic interaction, related to regulation of protein hydrophobicity (Tao 
et al., 2019). 

3.1.4. Sulfhydryl group 
Transformation between sulfhydryl groups and disulfide bond is a 

key factor for protein emulsification properties (Chen et al., 2014). 
Compared with untreated samples, the contents of total SH content 
increased after HHP treatment while those of free sulfhydryl groups 
increased significantly when the pressure is over 200 MPa (Fig. 1c), 
implying that sulfhydryl groups were transferred from the inside to the 
outside at high pressure due to protein unfolding (Tan, Xu, Gao, Yu, & 
Zheng, 2021; Zhang, Yang, Tang, Chen, & You, 2015). In addition, the 
disruption of disulfide bond might be another reason. The exposure of 
sulfhydryl groups when protein unfolds might affect the formation of 
covalent linkages and absorption rate among proteins molecules 
adsorbed on the interface of oil droplets. The decrease of free sulfhydryl 
groups might be attributed to the protein reaggregation at excessive 
pressure of 500 MPa. Strong mechanical forces could lead to protein 
denaturation and structural changes (Chen et al., 2016). 
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3.2. Dispersion behavior of HHP-treated scallop mantle protein 

3.2.1. Particle size and zeta potential 
Particle size and zeta potential are critical parameters to evaluate 

protein emulsifier properties. Table 2 shows that HHP at 300 MPa 
decreased the particle sizes, indicating that protein aggregates of scallop 
mantle dissociated due to great shear and strong turbulence effects 
(Cadesky, Walkling-Ribeiro, Kriner, Karwe, & Moraru, 2017). Small 
particle size would help the protein unfolding and affect the adsorption 
towards droplets interface during emulsification (Sullivan, Murray, 
Flynn, & Norton, 2016). After too low or too high HHP treatment, there 
is no significant change on particle size with the distribution mainly at 
340–360 nm. Strong mechanical force was an effective method to 
breakup protein aggregate, but excessive pressure could lead to 
“over-processing” effect and induce protein reaggregation (Chen, Zhou, 
Xu, Zhou, & Liu, 2017; Tan et al., 2021). 

The electrical characteristics of scallop mantle protein have a major 
impact on emulsion properties especially stability. Electrostatic repul-
sion between protein-coated droplets has a great influence on floccula-
tion or aggregation (Lam & Nickerson, 2013; Li, Cheng, Zhang, Wang, & 
Ma, 2020; Zou, Zhao, Sun, Dong, & Yu, 2020). Table 2 shows that HHP 
increased the zeta potential of scallop mantle protein from − 13.4 ± 0.3 
mV to − 9.7 ± 0.2 mV and the value got its maximum at 300 MPa. The 
tendency was consistent to the particle size, which might be associated 
with the increase of surface area, exposure of interior positively charged 
residues and bury of external negatively charged residues (Chen, Sheng, 
Gouda, & Ma, 2019). The distribution of protein surface charge might 
also influence lipid oxidation of emulsion and the adsorption of other 
oppositely charged polymers (Berton-Carabin, Elias, & Coupland, 2013). 

3.2.2. Morphology 
SEM was carried out to monitor the morphologic properties of 

different HHP-treated scallop mantle protein. The untreated scallop 
mantle protein exhibited flakes of large size and irregular geometry 
structure (Fig. 2). The scallop mantle protein molecules treated below 
200 MPa presented relatively small and loose flake structure but still 
irregular. It might be resulted from hydration of the protein due to the 
increase of the contact area between the protein and water molecules. 
Interestingly, protein molecules would be cross-linked to form irregu-
larly big flakes when the pressure was over 200 MPa. The increased flake 
size revealed the protein aggregation, which was consistent with protein 
particle size and zeta potential (Chen et al., 2017). 

3.2.3. Protein solubility 
Protein solubility is a typical indicator of aggregation and denatur-

ation, as well emulsification properties (Liu & Kuo, 2016). HHP 
decreased the solubility of scallop mantle protein (Fig. 3a). Moreover, 
the higher the pressure, the lower the solubility of the protein. It was 
regulated by the intermolecular balance between repulsive and attrac-
tive forces, which relied on the conformational changes of protein 
molecules under HHP treatment (Ding et al., 2021). Meanwhile, the 
reduction of surface net charges weakened electrostatic repulsion be-
tween different protein molecules as mentioned in Table 2, which was 
detrimental to protein dispersion and provided impetus for protein hy-
drophobicity (Chen et al., 2017). In addition, protein reaggregation at 
over high pressure might be another reason for low protein solubility 
(Yan et al., 2010). Because sarcoplasmic proteins had high hydrophi-
licity, amphiphilicity of scallop mantle protein would be improved if its 
solubility decreased, which was good for emulsification. 

3.2.4. Surface hydrophobicity 
Appropriate surface hydrophobicity (H0) is prerequisite for protein 

as a good emulsifier and is closely linked with protein-coated emulsion 
stability (Lee et al., 2009). It was closely related to hydrophobic regions 
on the protein surface, such as Phe, Trp and Tyr. Scallop mantle protein 
treated at 200 MPa exhibited the highest H0, followed by samples 

Fig. 1. Electrophoretic profile (M: protein marker; lane 0.1–5: 0.1 MPa, 100 
MPa, 200 MPa, 300 MPa, 400 MPa, 500 MPa, respectively) (a), intrinsic fluo-
rescence spectra (b), sulfhydryl contents (c) of high hydrostatic pressure treated 
scallop mantle protein. For Fig. 1b, 0.1 MPa (black square), 100 MPa (orange 
circle), 200 MPa (blue upper triangle), 300 MPa (pink lower triangle), 400 MPa 
(purple diamond), and 500 MPa (yellow left triangle). For Fig. 1c, total sulf-
hydryl (SH) content (black square line), free SH content (red circle line). (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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treated at 100 MPa due to the unfolding of protein molecule and the 
exposure of initially buried hydrophobic amino acid residues (Guo et al., 
2021) (Fig. 3b). The protein does not have enough surface activity if it is 
too hydrophilic. H0 increase of sarcoplasmic protein from scallop mantle 
would enhance the driving force of protein adsorption toward oil 
droplets surface to overcome the entropy loss. Excessive pressure (≥300 
MPa) had no effect on surface hydrophobicity. That was because thermal 
dynamics of unfolded protein was unstable after HHP treatment. So, the 
unfolding protein molecules might reaggregate at different extents 
through intermolecular hydrogen and hydrophobic interactions under 
overhigh pressure treatment, which decreased the hydrophobicity of 
proteins (Wu, Wu, Ma, et al., 2019). 

Table 1 
Secondary structure content of scallop mantle protein treated at high hydrostatic pressure.  

HHP 
(MPa) 

α-Helix 
(%) 

95% confidence 
interval 

β-Sheet 
(%) 

95% confidence 
interval 

β-Turn 
(%) 

95% confidence 
interval 

Random coil 
(%) 

95% confidence 
interval 

0.1 13.3 12.8–13.8d 43.4 43.0–43.8a 18.4 18.0–18.8a 27.0 26.6–27.4a 

100 12.2 11.8–12.6bc 45.1 44.5–45.7c 18.3 17.8–18.7a 27.0 26.5–27.4a 

200 12.5 12.1–12.9c 45.6 45.1–46.1d 18.2 17.8–18.7a 26.8 26.5–27.0a 

300 12.2 11.5–12.8bc 44.7 44.3–45.1b 18.3 17.7–18.9a 27.0 26.4–27.6a 

400 11.7 11.3–12.0ab 45.4 44.9–45.9cd 18.2 18.0–18.3a 27.0 26.6–27.4a 

500 11.9 11.4–12.5a 45.4 44.9–45.9cd 18.1 17.7–18.5a 27.0 26.6–27.3a 

Means with the different superscript letters within the same column are significantly different (p < 0.05, n = 3). 

Table 2 
Effect of high hydrostatic pressure treatment on the particle size and ζ-potential 
of scallop mantle protein.  

HHP 
(MPa) 

particle size 
(nm) 

95% confidence 
interval 

ζ-potential 
(mV) 

95% confidence 
interval 

0.1 366 311–421b − 13.4 − 14.1~-12.6a 

100 357 328–385b − 12.0 − 13.1~-10.8b 

200 345 279–411ab − 10.0 − 10.6~-9.1c 

300 305 233–376a − 9.7 − 10.2~-9.2c 

400 341 279–402ab − 12.8 − 13.6~-12.0b 

500 365 315–414b − 12.6 − 13.1~-12.1b 

Means with the different superscript letters within the same column are signif-
icantly different (p < 0.05,n = 3). 

Fig. 2. Protein morphology of scallop mantle (200× magnification). (A) 0.1 MPa; (B) 100 MPa; (C) 200 MPa; (D) 300 MPa; (E) 400 MPa; (F) 500 MPa.  
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3.3. Interfacial properties of HHP-treated scallop mantle protein 

3.3.1. Interfacial tension 
The interfacial tension of scallop mantle protein at the oil-in-water 

(O/W) interface was characterized using surface tension meter. The 
dynamic interfacial tension between soybean oil and different HHP- 
treated protein molecules were shown in Fig. 4a. The interfacial ten-
sion of all protein samples demonstrated a decrease with time prolonged 
regardless of which pressure was. It could be attributed to the increase of 
protein content at the interface as it diffused (Ma et al., 2021). More-
over, equilibrium interfacial tension increased with the increase of 
pressure. Notably, the equilibrium interfacial tension of untreated 
sample was lower than those samples treated at 400 and 500 MPa but 
higher than those treated below 400 MPa. The phenomena should be 
related to low zeta potential of protein samples at relatively low pressure 
(Table 2), which decreased the electrostatic repulsion between scallop 
mantle protein and the negatively charged interface and enhanced the 
protein distribution at the interface. It would improve the emulsification 
capacity of scallop mantle protein (Ca Pek & Science, 2004). In addition, 
the protein unfolding promoted the stretching of hydrophobic groups 
into the oil phase to reduce the interface tension. However, excessive 
pressure lowered the surface hydrophobicity with the bury of hydro-
phobic groups on the surface of protein during reaggregation as 
mentioned above (Fig. 3b), which increased the interfacial tension 

(Zhang et al., 2015). 

3.3.2. Protein adsorption at the interface 
The importance of protein adsorption to the surfaces of oil droplets 

for emulsion formation, stability and lipid oxidation of oil phase was 
well recognized (Berton, Ropers, Viau, & Genot, 2011; Nielsen, Horn, 
Jacobsen, & Technology, 2013). Adsorption rate (AP) of scallop mantle 
protein as a function of high hydrostatic pressure was shown in Fig. 4b. 
Compared with untreated ones, scallop mantle protein treated by HHP 
displayed better adsorption capacity except those treated at 500 MPa, 
while proteins treated at 100 MPa was the best. Rather than absorbed at 
the interface, the remaining protein might form gel network system or 
coagulation in the continuous phase. The adsorption capacity of proteins 
was affected by their physicochemical properties like surface hydro-
phobicity and particle size (Wu, Wu, Ma, et al., 2019). There was posi-
tive correlation between surface hydrophobicity and AP. Smaller the 
particle size, more protein absorbed at the interface. Absorbed protein 
was related to the interfacial coverage of droplets, which determined the 
emulsification properties. High AP would reduce the interfacial tension, 

Fig. 3. Solubility (a), surface hydrophobicity (b) of high hydrostatic pressure 
treated scallop mantle protein. Fig. 4. Interfacial tension (a) of high hydrostatic pressure treated scallop 

mantle protein, adsorption rate (b) of scallop mantle protein at the interface. 
For Fig. 1b, 0.1 MPa (black square), 100 MPa (orange circle), 200 MPa (blue 
upper triangle), 300 MPa (green lower triangle), 400 MPa (purple diamond), 
and 500 MPa (yellow left triangle). (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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influence the droplet size of the emulsion and increase the emulsion 
stability (Gadkari, Longmore, Reaney, & Ghosh, 2019). 

3.4. Emulsifying properties of scallop mantle protein treated by HHP 

3.4.1. Droplet size of emulsion system 
Droplet size of emulsion is an important index to evaluate the 

emulsifying properties of protein. The emulsion droplet sizes decreased 
to 16.3 ± 0.3 μm as the pressure was 200 MPa but were larger than 
control group when the pressure was over 300 MPa (Fig. 5a). The 
reduction of emulsion droplet size could be explained by the increase of 
surface hydrophobicity and proportion of β-sheet, which decreased the 
polymerization rate of oil in droplets and increase the stability of whole 
emulsion system (Yang, Han, Wang, Cao, & Shen, 2020). High surface 
hydrophobicity helped the exposed hydrophobic groups to distribute at 
the O/W interface and prevented oil droplets in emulsion from aggre-
gating, resulting in the reduction of emulsion droplet size. Meanwhile, 
the increase of relatively loose β-sheet and zeta potential accelerated the 
protein diffusion to the interface. The increase of emulsion droplet size 
was the result that partial proteins in the emulsion aggregated and 
flocculated when the pressure was over 200 MPa, failing to form a dense 
interfacial film due to insufficient proteins (Bai et al., 2021). The results 
corresponded to previous report (Yang et al., 2020). 

3.4.2. Emulsion performance indexes 
Emulsion performance of native and HHP treated scallop mantle 

protein was presented by EAI and ESI. The EAI refers to the absorption 
ability of scallop mantle protein towards the oil-water interface during 
emulsion formation process, while the ESI was the protein stability to 
stay on the interface and the ability to preventing emulsion flocculation 
or aggregation during storage period. HHP could enhance the EAI value 
when it was lower than 400 MPa and the ESI value when it was lower 

than 500 MPa (Fig. 5b). Significantly, the EAI of emulsion stabilized by 
scallop mantle protein treated at 100 MPa was about 1.5 times higher 
than that stabilized by untreated protein, implying that HHP has 
excellent performance on emulsion formation. The ESI followed a 
similar regularity of EAI at 100 MPa and 200 MPa, indicating that HHP 
had good emulsification stability. The increase of EAI and ESI improved 
protein emulsification by interfering with the interface absorption and 
preventing emulsion from the coalescence and flocculation, which was 
significantly correlated with its surface hydrophobicity and solubility. 
The increase of surface hydrophobicity reflected the protein unfolding 
and exposure of hydrophobic amino acid residues after HHP treatment, 
contributing to the formation of protein films at the oil-water interface 
and repulsion among oil droplets through hydrophobic interactions 
(Chen et al., 2017). The feasible reason for the decrease of EAI and ESI at 
high pressure was that protein reaggregation induced the decrease of 
solubility and surface hydrophobicity, the formation of dense structure 
and thus the discontinuity distribution at the interface, which was not 
conducive to the formation and stability of emulsion (Bai et al., 2021). 

3.4.3. Creaming index (CI) dertermination and storage stability of emulsion 
In this study, emulsion stabilized by HHP-treated scallop mantle 

protein was stored for 5 h and evaluated by creaming index and visual 
observation. Creaming index (CI) was applied to character the creaming 
behavior of emulsion during storage, which was linked with the rise of 
oil droplets to the upper layer and the subsiding of water-soluble pro-
teins to the bottom due to gravity (Liang & Tang, 2013). The CI values of 
emulsions stabilized by HHP-treated scallop mantle protein decreased in 
the order of 500 MPa ≈ 400 MPa > 300 MPa > 200 MPa > 0.1 MPa >
100 MPa (Fig. 5c). The macroscopic images also illustrated that emul-
sions stabilized by 100 MPa-treated scallop mantle protein was in a more 
stable system due to its relatively low CI value. This is related to the high 
proportion of adsorbed proteins at the O/W interface, which was 

Fig. 5. Droplet size of emulsion (a), emulsion performance indexes (b) of scallop mantle protein, and creaming index (c), typical visual images of emulsions stabilized 
(d) of high hydrostatic pressure treated scallop mantle protein emulsion. For Fig. 5b, emulsifying activity index (EAI) (black square), emulsion stability index (ESI) 
(red circle). For Fig. 5c, 0.1 MPa (black plus sign), 100 MPa (orange multiply sign), 200 MPa (purple triangle), 300 MPa (yellow diamond), 400 MPa (blue square), 
and 500 MPa (red circle). (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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favorable to the emulsion stability due to the increase of repulsive forces 
among droplets. 

4. Conclusion 

In this study, the effects of HHP treatment were investigated on the 
structural and emulsifying properties of scallop mantle protein. The 
relationships among HHP treatment, structural modification, dispersion 
behavior, interfacial properties and emulsifying properties of scallop 
mantle protein were systematically clarified. Appropriate HHP treat-
ment induced the protein unfolding (increased loose β-sheet, SH content 
and change of tertiary structure), enhanced its dispersion behavior 
(decreased particle size and high zeta potential, reduced solubility of 
sarcoplasmic protein and increased surface hydrophobicity) and thus 
got favorable interfacial properties (low interfacial tension and high 
protein adsorption at the interface) and emulsifying properties (small 
droplet size of emulsion, high EAI and ESI, low CI). However, over-
processing impaired protein unfolding and emulsifying properties. 
Overall, 200 MPa was the optimal pressure to treat scallop mantle 
protein for the emulsion formation while 100 MPa was dominant pres-
sure for emulsion stability. Therefore, it could be concluded that HHP 
treatment was beneficial for the structural modification and emulsifying 
properties of scallop mantle protein, which would lay a theoretical 
foundation for the development of stabilized emulsion products based 
on scallop mantle protein and its comprehensive utilization. 
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