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Introduction

Sarcoplasmic proteins are soluble proteins present in 
fish and meat sarcolemma. Enzymes, albumins and myo-
globin are sarcoplasmic proteins, and they account for 
30–35 % of the total muscle proteins [1, 2]. Sarcoplasmic 
proteins influence the functional properties of fish prod-
ucts. Enzymes of the glycolytic pathway and lysosomal 
enzymes influence the quality of fish muscle [3]. Firmness 
of rainbow trout muscle is associated with the stability of 
some sarcoplasmic proteins, such as glycogen phosphory-
lase, creatine kinase and triosephosphate isomerase B [4]. 
In addition, previous studies have reported that improv-
ing technological properties of minced fish is obtained by 
removing sarcoplasmic proteins because they can interfere 
with the gelation of myofibrillar proteins [5, 6]. However, 
more recent studies have indicated that the addition of sar-
coplasmic proteins contributes to their gelation [7, 8]. Sar-
coplasmic proteins also exhibit emulsifying properties and 
are suggested as a functional ingredient [9–11].

High-pressure processing is an emerging technology for 
food preservation as a main approach with a potential for 
wider applications. For example, pressure treatments (200–
300 MPa) have been reported to kill larvae on hake muscle, 
but texture and color modifications were concomitant to the 
process as a consequence of protein denaturation [12]. At 
first, the understanding of protein denaturation in food mus-
cles has been focused on studying myofibrillar proteins [13–
15]. However, recent studies have highlighted the influence 
of high pressure on the aggregation of sarcoplasmic proteins 
in fish products [16, 17]. Sarcoplasmic proteins have been 
considered more susceptible to high-pressure processing 
than myofibrillar proteins. Sarcoplasmic proteins have also 
been associated with technological properties such as color 
and water-holding capacity, and they have been recently 
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suggested as protein markers of product quality [17, 18]. 
High-pressure processing of fish products induces denatura-
tion of sarcoplasmic proteins. In cod muscle, sarcoplasmic 
proteins are denatured at 300 MPa [19]. Solubility loss of 
sarcoplasmic proteins by high-pressure processing (100–
608 MPa) has been reported in mackerel, turbot, salmon, 
sea bass and cod muscle [16, 17, 20–22]. Likewise, gelation 
of fish sarcoplasmic proteins at high concentration (>50 mg/
ml) is promoted by high-pressure processing [23]. Never-
theless, to our knowledge, there is limited information about 
the extent of physicochemical changes of sarcoplasmic pro-
teins by high-pressure processing and the consequences on 
their emulsifying properties. This study aimed to determine 
the effect of high-pressure processing on the structural and 
emulsifying characteristics of sarcoplasmic proteins from 
hake (Merluccius merluccius).

Materials and methods

Sarcoplasmic protein extraction

Hake (Merluccius merluccius) was obtained from a local 
market (24 h after catch from La Turballe). Minced fish 
muscles were vacuum packaged and frozen (−20 °C). 
Before protein extraction, fish muscles were thawed over-
night at 4 °C. The sarcoplasmic proteins were extracted 
according to the method of Sikes et al. [24] with some 
modifications. The muscle was homogenized with extrac-
tion buffer (pH 7; 100 mM KCl, 50 mM Tris–HCl and 
5 mM EDTA) at a ratio of 1:10 (w/v). The supernatant was 
collected after centrifugation (10,000g for 15 min at 4 °C) 
and filtration through gauze. The protein content was evalu-
ated by the Biuret assay [25] and characterized with SDS-
PAGE electrophoresis [26]. Experiments were performed 
in quadruplicate corresponding to four hakes.

High‑pressure treatment

The high-pressure equipment is a 3-l pressure pilot unit 
(ACB, Nantes, France) that uses water as a transmit-
ting fluid. The temperature is controlled by a temperature 
regulator device (Julabo, Seelbach, Germany) and a cool-
ing water jacket around the vessel. The samples were 
high-pressure-treated (200, 400 or 600 MPa) for 6 min at 
20 ± 3 °C. The compression rate was 3 MPa/s, and the 
pressure was released immediately (<2 s). Untreated sam-
ples were considered as controls.

Protein surface hydrophobicity

The surface hydrophobicity of sarcoplasmic proteins was 
determined by the fluorescence probe method [27]. The 

samples (1 mg/ml) were diluted in extraction buffer (pH 
7; 100 mM KCl, 50 mM Tris–HCl and 5 mM EDTA) to 
obtain protein concentrations between 0.02 and 0.2 mg/
ml. Samples (2 ml) were mixed with 10 µl of 8 mM 1-ani-
linonaphthalene-8-sulfonic acid (ANS). Diluted samples 
without ANS were used as blanks. The fluorescence (exci-
tation wavelength of 355 nm and emission wavelength of 
460 nm) was measured after 15 min using a fluorescence 
plate reader (Fluostar Optima, BMG Labtech, Ortenberg, 
Germany). The slope (R2 > 0.95) of the fluorescence inten-
sity versus protein concentration was the relative fluores-
cence intensity for each sample.

Reactive sulfhydryl group content

The reactive sulfhydryl group content of sarcoplasmic pro-
teins (1 mg/ml) was determined according to the Ellman 
method [28]. The samples (0.5 ml) were mixed with 2 ml 
of 0.1 M phosphate buffer (1 mM EDTA, pH 8) for deter-
mination of reactive sulfhydryl groups, and 30 µl of 10 mM 
5,5′-dithio-bis 2-nitrobenzoic acid (DTNB) was then added 
and mixed. To determine the total sulfhydryl groups, 0.1 M 
phosphate buffer (1 mM EDTA, pH 8) containing 8 M urea 
was used. After 15 min, the absorbance at 412 nm was 
measured, and the sulfhydryl group content was obtained 
using the extinction coefficient of 13,600 M−1 cm−1 [28]. 
The sulfhydryl group content was expressed as nanomoles 
per milligram of sarcoplasmic proteins.

Carbonyl group content

The carbonyl groups of sarcoplasmic proteins (4 mg/ml) 
were evaluated with the DNPH method [29]. Samples 
(100 µl) were precipitated with 10 % (w/v) trichloroacetic 
acid (TCA). Pellets were treated with 0.2 % (w/v) 2,4-dini-
trophenylhydrazine (DNPH) in 2 M HCl (800 µl). For 
the HCl control, pellets were treated only with 2 M HCl. 
Samples were incubated under agitation (Disruptor Genie, 
Scientific Industries, Bohemia, NY, USA) for 1 h at room 
temperature. The samples were then precipitated with 10 % 
TCA and centrifuged for 5 min (10,000g) at 4 °C. Pellets 
were washed three times with 1 ml of ethanol-ethyl acetate 
(1:1). Dried pellets were dissolved in 1 ml of 6 M guani-
dine hydrochloride (2 mM sodium phosphate buffer, pH 
6). After 30 min of agitation (1000 rpm) at room tempera-
ture, insoluble residues were removed (10,000g for 5 min 
at 4 °C). The spectrum of the DNPH sample was cor-
rected with the HCl control. Protein absorption at 280 nm 
was used to calculate protein concentration. The carbonyl 
groups were estimated using the extinction coefficient of 
21,000 M−1 cm−1 at 370 nm [29] and were expressed as 
nanomoles of DNPH fixed per milligram of sarcoplasmic 
proteins.
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Turbidity measurements and protein solubility

The turbidity of sarcoplasmic proteins solutions was evalu-
ated by measuring the absorbance at 660 nm [30]. The 
protein solubility of sarcoplasmic proteins was measured 
following the procedure of Jung et al. [31]. Samples were 
centrifuged (14,000g for 20 min at 4 °C), and the protein 
concentration of supernatants was determined using the 
Biuret assay [25] with bovine serum albumin as a standard.

Sodium dodecyl sulfate‑polyacrylamide gel 
electrophoresis (SDS‑PAGE)

Soluble sarcoplasmic proteins were analyzed by SDS-
PAGE [26] using a PhastSystem separation and develop-
ment unit (GE Healthcare, UK). The samples were diluted 
with a denaturation buffer (0.125 M Tris–HCl containing 
4 % SDS, 1 % 2-mercaptoethanol and 0.02 % bromophe-
nol blue; pH 6.8) and heated at 100 °C for 5 min. The 
soluble sarcoplasmic proteins were adjusted to the same 
concentration. Proteins (0.5 mg/ml) were loaded on 20 % 
polyacrylamide gels. The gels were stained with nitrate 
silver. Protein markers (GE Healthcare, UK) were used to 
determine the molecular weight (phosphorylase b, 97 kDa; 
albumin, 66 kDa; ovalbumin, 45 kDa; carbonic anhydrase, 
30 kDa; trypsin inhibitor, 20.1 kDa; and alpha-lactalbumin, 
14.4 kDa).

Far UV circular dichroism spectra

Circular dichroism measurements were performed to evalu-
ate the secondary structure of sarcoplasmic proteins. The 
protein solutions (0.2 mg/ml) in extraction buffer (pH 7; 
100 mM KCl, 50 mM Tris–HCl and 5 mM EDTA) were 
analyzed using a Jasco 810 spectropolarimeter (Jasco, 
Tokyo, Japan) at room temperature. Spectra at the far UV 
(190–250 nm) were obtained from samples in a quartz cell 
with a 0.02-cm path cell length. Each spectrum was the 
average of three scans (scan rate of 50 nm/min, response 
time of 1 s and bandwidth of 2 nm), and the buffer sig-
nal was subtracted. A mean residue weight of 110 g/mol 
was considered to estimate the mean residue ellipticity 
(deg cm2 dmol−1). The secondary structure was estimated 
by CDpro software (CDSSTR method) [32].

Emulsion stability and protein adsorption

Emulsion stability and protein adsorption were evaluated 
according to the method of Hemung et al. [11] with some 
modifications. The sarcoplasmic protein solution (2 mg/ml) 
in extraction buffer (pH 7; 100 mM KCl, 50 mM Tris–HCl 
and 5 mM EDTA) and sunflower oil (proportion of 1:1) 
were homogenized for 1 min at 13,000 rpm (Ultra-Turrax 

T 25, IKA, Staufen, Germany). Emulsions were stored at 
35 °C for 7 days. The emulsion phase was estimated as a 
percentage of the total volume. The protein adsorption was 
estimated by recovering the aqueous phase of emulsions 
separated from cut frozen tubes (−20 °C). The fraction 
of adsorbed sarcoplasmic proteins was the difference of 
total protein content minus the amount of remaining pro-
teins in the aqueous phase. The protein concentration in 
the aqueous phase was determined using the bicinchoninic 
acid assay (Sigma-Aldrich, Saint-Louis, MO, USA). The 
adsorbed sarcoplasmic proteins at the interface were pre-
sented as the percentage of total proteins.

Droplet size distribution of emulsions

The droplet size distribution was obtained using a Master-
sizer 3600 (Malvern Instruments Ltd., Malvern, UK) by 
laser light diffraction (λ: 633 nm). The prepared emulsions 
were diluted (1/10) in a 0.05 M Tris–HCl buffer (pH 8) 
with 1 % SDS. The volume-weighted mean diameter (d4,3) 
and the span were measured.

Flow behavior of emulsions

Flow measurements were performed in an AR 1000 rheom-
eter (TA Instrument, New Castle, UK) equipped with a 
cone and plate (1.58° angle and 60 mm diameter) at 20 °C. 
The data were fitted to the Herschel–Bulkley model to 
determine the yield stress (Pa), the consistency index 
(Pa sn) and the flow behavior index.

Statistical analysis

Analyses were performed in triplicate. Analysis of vari-
ance and Tukey’s test with a confidence level of 95 % were 
performed using Statgraphics Centurion XVII 17.1.04 soft-
ware (Statpoint Technologies, Warrenton, VA, USA).

Results and discussion

High‑pressure denaturation of sarcoplasmic proteins

The impact of high-pressure processing on the solubility 
of sarcoplasmic proteins is shown in Fig. 1. The solubil-
ity of sarcoplasmic proteins decreased with pressure level. 
Solubility loss of sarcoplasmic proteins was a first indica-
tion of protein denaturation. Approximately 87 % of sar-
coplasmic proteins remained soluble after a treatment at 
200 MPa. The solubility of sarcoplasmic proteins was fur-
ther reduced at 400 and 600 MPa with only 32 and 20 % 
of soluble sarcoplasmic proteins, respectively. Our results 
were in accordance to previous investigations [16, 17, 
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22]. The soluble sarcoplasmic proteins from frozen mack-
erel represented only 32 % of the total after treatment at 
450 MPa. However, the sarcoplasmic protein solubility of 
frozen mackerel is not affected by a treatment at 150 MPa 
[17]. In chilled salmon, the solubility of sarcoplasmic pro-
teins decreases with pressure treatments at low pressure 
levels (170–200 MPa) [22]. For sea bass fillets, the solu-
bility of sarcoplasmic proteins is reduced by 4.5-fold after 
high-pressure treatments (400 MPa) [16]. Likewise, the 
pressure-shift freezing (140 MPa and −14 °C) of turbot fil-
lets decreases the solubility of sarcoplasmic proteins during 
frozen storage [21].

After pressure treatment, the sarcoplasmic proteins 
in solution presented an increased turbidity as shown in 
Fig. 1. The turbidity of the sarcoplasmic protein solutions 
increased with pressure levels until 400 MPa without any 
additional increase at 600 MPa. The increase in turbidity 
reflects the protein aggregation [33]. Thus, our results sug-
gested that aggregation of sarcoplasmic proteins occurred 
from 200 MPa, which was consistent with the solubil-
ity loss of sarcoplasmic proteins previously reported. The 
sarcoplasmic proteins involved in pressure-induced aggre-
gation were identified through the electrophoretic profiles 
of soluble sarcoplasmic proteins shown in Fig. 2. No dif-
ferences were found among the electrophoretic profiles of 
sarcoplasmic proteins from the four hakes analyzed. The 
soluble sarcoplasmic proteins presented molecular weights 
between 7 and 78 kDa. Untreated sarcoplasmic proteins 
exhibited 12 major protein bands of 78, 73, 63, 48, 42, 
37, 32, 30, 22, 19, 12 and 7 kDa. The electrophoretic pro-
files were similar to the pattern of sarcoplasmic proteins 
from European hake [34]. After high-pressure treatment 
at 200 MPa, the sarcoplasmic protein bands presented the 
same profile as the untreated proteins. The identification 

of sarcoplasmic proteins involved in the solubility loss at 
200 MPa was not possible; probably due to reversible dis-
sociation and reassociation of oligomeric structures at low 
pressure levels [35, 36]. Nevertheless, sarcoplasmic pro-
teins subjected to 400 MPa did not present a similar pattern 
to untreated proteins. The solubility of five individual pro-
teins with molecular weights of 78, 73, 63, 37 and 22 kDa 
was affected. At the same concentration, minor sarcoplas-
mic proteins (58, 18 and 10 kDa) became major soluble 
proteins after pressure treatment at 400 MPa. Several sar-
coplasmic proteins were further affected after a pressure 
treatment at 600 MPa. The protein bands with molecular 
weights of 58, 37, 32 and 12 kDa exhibited solubility loss 
at 600 MPa. In fact, the sarcoplasmic proteins involved 
depend on the pressure level. From previous studies, it was 
also noted that the types of sarcoplasmic proteins affected 
by high-pressure processing vary among the fish species. 
In the case of salmon, high-pressure processing (170–
200 MPa) promotes partial loss of a protein band (29 kDa) 
that is identified as phosphoglycerate mutase [22]. The 
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electrophoretic profile of sarcoplasmic proteins extracted 
from pressure-treated sea bass also shows a reduced solu-
bility of two proteins (52.6 and 24.6 kDa) at 250 MPa, and 
14 protein bands (158.8, 146.9, 84.3, 76, 54, 52.6, 48.3, 
41, 24.7, 18.8, 15.6, 14.1, 13.6 and 10.8 kDa) present a 
reduced band intensity at 400 MPa [16]. Pazos et al. [17] 
found significant changes in the electrophoretic profile of 
sarcoplasmic proteins from frozen Atlantic mackerel at 
300–450 MPa. They identified four involved sarcoplasmic 
proteins as creatine kinase (theoretical molecular weight at 
42.9 kDa), fructose-bisphosphate aldolase A (39.6 kDa), 
glycogen phosphorylase (97.2 kDa) and beta-enolase 
(47.1 kDa). At 450 MPa, triosephosphate isomerase B 
(26.5 kDa), phosphoglucomutase (60.8 kDa) and phospho-
glycerate kinase (44.1 kDa) are also implicated. In general, 
the electrophoretic profiles of sarcoplasmic proteins show 
that more proteins are affected with increasing pressure 
level and the species-specific patterns should affect in a 
different manner the quality of treated fish products. The 
selective denaturation of sarcoplasmic proteins will modify 
the protein gelation and the water-holding capacity of fish 
products [7, 17].

The changes in surface hydrophobicity of extracted 
sarcoplasmic proteins are presented in Fig. 3. The surface 
hydrophobicity of sarcoplasmic proteins at 200 MPa was 
increased by twice in comparison with native proteins. 
However, there was no statistically significant difference. 
High-pressure processing significantly enhanced the sur-
face hydrophobicity of sarcoplasmic proteins at 400 MPa. 
The majority of hydrophobic groups are buried in globular 
proteins [37]. The extent of the exposure of hydrophobic 
groups of proteins could be indicative of a high content of 
globular structures. Our results were in accordance with 
an earlier study demonstrating that the surface hydropho-
bicity of sarcoplasmic proteins from treated chicken meat 
increases with pressure level [38].

The modifications of the surface hydrophobicity of sar-
coplasmic proteins reflect the effect of high pressure on 
their quaternary and tertiary structures. Firstly, the slight 
increase in surface hydrophobicity of sarcoplasmic pro-
teins at 200 MPa may have resulted from oligomeric dis-
sociation. Glyceraldehyde-3-phosphate, lactate dehydroge-
nase and pyruvate kinase, which are sarcoplasmic proteins 
[39], dissociate and reassociate under pressure and after 
release of pressure (≤200 MPa) [35, 40]. In fact, the qua-
ternary structure of proteins, which is stabilized by hydro-
phobic interactions, is sensitive to low pressure levels 
(<150–200 MPa) [36]. Secondly, the greater exposure of 
hydrophobic residues observed at 400 and 600 MPa may 
represent significant changes in the tertiary structure of sar-
coplasmic proteins. Pressure-induced denaturation of sar-
coplasmic proteins could be due to the weakening of hydro-
phobic interactions and to the exposure of the hydrophobic 

core, which is a consequence of decreasing volume under 
pressure [41]. Therefore, the solubility loss of sarcoplasmic 
proteins with pressure level increase might be the result of 
enhanced protein–protein interactions due to the increase in 
surface hydrophobicity.

The effects of high-pressure processing on the total sulf-
hydryl and reactive sulfhydryl content are shown in Fig. 4. 
High-pressure processing increased the reactive sulfhydryl 
content of sarcoplasmic proteins at 400 MPa without fur-
ther increasing at 600 MPa. At these pressure levels, the 
exposure of sulfhydryl groups from the hydrophobic core 
of sarcoplasmic proteins is probably favored. In addi-
tion, high-pressure processing reduced the total sulfhy-
dryl content of sarcoplasmic proteins at 600 MPa. There-
fore, the induced aggregation at 600 MPa could imply 
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the contribution of disulfide bond linkages. The protein 
unfolding at 400 MPa increased the reactivity of sulfhydryl 
groups, which may promote protein–protein interactions. 
However, the sulfhydryl groups were probably not close 
enough to form disulfide bonds. The oxidation of sulfhy-
dryl groups is associated with the inactivation mechanism 
of glycolytic enzymes (lactate dehydrogenase and pyruvate 
kinase) by high pressure [40, 42]. In contrast to our results, 
the ratio of reactive and total sulfhydryl contents of sar-
coplasmic proteins from beef muscle is not affected after 
high-pressure treatment (551 MPa, −35 or 3 °C) although 
it is enhanced for total soluble proteins [43]. Sarcoplasmic 
proteins from different species might not be affected by 
high pressure in the same manner as noted for myofibrillar 
proteins. The total sulfhydryl content of actomyosin from 
threadfin bream decreases at 200 MPa [15], and the total 
sulfhydryl content of actomyosin from tilapia decreases at 
pressures greater than 200 MPa [44]. However, for myofi-
brils from hake, the sulfhydryl content is not affected by 
treatments at 250 and 500 MPa [14].

The influence of high-pressure processing on the sec-
ondary structure of sarcoplasmic proteins is shown in 
Fig. 5. The native secondary structure of sarcoplasmic 
proteins was characterized by a high contribution of alpha-
helix structures (44 %) followed by unordered structures 
(26 %), beta-turns (18 %) and beta-sheets (12 %). The 
dominance of alpha-helix structures was in accordance 
with the results of Tadpitchayangkoon et al. [45] for sarco-
plasmic proteins (pH 7) from striped catfish. The second-
ary structure of the sarcoplasmic proteins was not altered 
when they were subjected to 200 MPa. A previous report 
also did not find any influence of pressure treatment at 
210 MPa on the secondary structure of a glycolytic enzyme 
(pyruvate kinase) [40]. Nevertheless, sarcoplasmic proteins 
treated at 400 MPa exhibited a conformational transition, 

which promoted beta-sheet and beta-turn structures, and 
the alpha-helix structures of sarcoplasmic proteins were 
greatly reduced and became a minor contribution to the 
secondary structures of proteins. The disruption of alpha-
helix structures and the formation of beta-sheet structures 
of sarcoplasmic proteins are involved in protein aggrega-
tion [45]. The unordered structures were slightly favored by 
treatments at 600 MPa in comparison with untreated sar-
coplasmic proteins. The conformational transition of sarco-
plasmic proteins from hake induced by high-pressure pro-
cessing was similar to that observed in treated myofibrillar 
proteins from hake. The pressure denaturation of myofibril-
lar proteins results in the decrease in alpha-helix and the 
increase in beta-sheet and beta-turn structures [14]. How-
ever, the protein unfolding promoted by high pressure can 
also be related to the main formation of unordered struc-
tures as reported by previous studies on beta-lactoglobulin 
and ribonuclease A [46, 47]. The differences between beta-
sheet and unordered structures formation in the denatur-
ated state will depend on native structure of proteins. The 
unordered structures are favored after pressure treatment 
of proteins containing high content of beta-sheet structures 
[46, 47], but sarcoplasmic and myofibrillar proteins contain 
a major fraction of alpha-helix structures.

Moreover, no significant differences were found in the 
secondary structures of sarcoplasmic proteins treated at 
400 and 600 MPa. Sarcoplasmic proteins are less suscepti-
ble to pressure-induced changes in comparison with effects 
reported on the secondary structure of myofibrillar proteins 
from hake, as alpha-helix structures of myofibrillar proteins 
from hake decrease at high-pressure treatments at 150 MPa 
[14]. In general, high-pressure processing at a high level 
(greater than 300 MPa) is well known to change the sec-
ondary structure of proteins, leading to a non-reversible 
denaturation [36]. The predominant role of internal cavi-
ties in the changes of protein structure by water penetration 
has been suggested [48]. Likewise, water structure changes 
and their impact on the hydrophobic effects that stabilize 
folded proteins are indicated as the main factor of protein 
denaturation [41]. The unfolding of sarcoplasmic proteins 
under high pressure is a consequence of a mechanism 
accompanying volume reduction. The volume occupied 
by unfolded proteins is smaller than the volume of native 
proteins. Therefore, pressure can result in unfolded proteins 
with greater compressibility due to solvation and it can also 
induce an unfolded state with reduced compressibility as 
consequence of void volume and solvent exclusion [35]. 
The latter state was probably reached at 400 MPa; thus, 
increasing the pressure did not promote further denatura-
tion of sarcoplasmic proteins.

Despite the structural modifications previously 
observed, high-pressure processing did not significantly 
promote protein carbonylation of extracted sarcoplasmic 
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proteins (Table 1). In contrast to our results, previous stud-
ies have noted the generation of protein carbonyls by sar-
coplasmic proteins due to the processing of pork and beef 
products [49, 50]. Moreover, loss of sulfhydryl groups is 
also considered as a consequence of protein oxidation [51], 
which was observed in the pressure-treated sarcoplasmic 
proteins (Fig. 4). Thus, high-pressure processing may cause 
protein oxidation of sarcoplasmic proteins with cysteine as 
the main target. For example, the oxidation of sulfhydryl 
groups has been suggested during the pressure treatment of 
pyruvate kinase, which has nine free cysteine residues per 
subunit [40]. These structural modifications could affect 
the nutritional value of fish products because the sulfhydryl 
oxidation has been reported to reduce digestibility of fish 
proteins [52]. For these reasons, further studies will be nec-
essary for understanding the mechanisms of protein oxida-
tion induced by pressure in fish products, as well as the role 
of lipid oxidation in this mechanism.

Emulsifying properties of high‑pressure‑treated 
sarcoplasmic proteins

Pressure-induced denaturation of proteins may improve or 
reduce their emulsifying properties [53–55]. The character-
istics of emulsions stabilized by sarcoplasmic proteins are 
presented in Table 2. Emulsions stabilized by sarcoplas-
mic proteins treated at 200 MPa exhibited different rheo-
logical properties in comparison with emulsions stabilized 

by native sarcoplasmic proteins. The consistency index 
is indicative of emulsion viscosity, which was enhanced 
by sarcoplasmic proteins treated at 200 MPa. The higher 
shear-thinning behavior (decrease in flow behavior index) 
and consistency index suggest the increase in flocculated 
droplets in the emulsion that alter the creaming rate of 
emulsions [56]. The emulsion stability was improved when 
sarcoplasmic proteins were treated at 200 MPa, which was 
probably due to trapped droplets in a network of aggregated 
droplets at a high oil droplet concentration [56]. In contrast, 
emulsions stabilized by sarcoplasmic proteins treated at 
400 and 600 MPa showed a decrease in yield stress, con-
sistency index and shear-thinning behavior. These charac-
teristics showed a decrease in flocculated droplets in the 
emulsion. The yield stress is associated with the strength of 
attractive forces between droplets [57, 58]. Therefore, the 
attractive interaction between droplets was reduced when 
sarcoplasmic proteins were treated at 400 or 600 MPa 
before stabilizing the emulsions. In addition, the stability of 
emulsions containing sarcoplasmic proteins treated at 400 
and 600 MPa decreased. During storage, the exposure of 
reactive groups of sarcoplasmic proteins by pressure dena-
turation may favor the attractive interactions between drop-
lets leading to flocculation [56].

The droplet size distribution of emulsions stabilized by 
treated sarcoplasmic proteins was not different in com-
parison with emulsions stabilized by native sarcoplasmic 
proteins. Thus, the changes on the physicochemical prop-
erties of sarcoplasmic proteins did not affect the droplet 
size obtained during homogenization. In addition, pro-
tein adsorption results showed that sarcoplasmic proteins 
treated at 600 MPa were slightly better adsorbed than 
untreated sarcoplasmic proteins. A similar behavior has 
been reported after high-pressure treatment of soybean 
proteins [55, 59]. The percentage of adsorbed proteins 
increases after the treatment of soybean proteins, and it is 
related to the increased surface hydrophobicity of treated 
soybean proteins [55]. The better adsorption of sarcoplas-
mic proteins treated at 600 MPa could be due to the greater 
surface hydrophobicity of treated protein. However, the 

Table 1  Impact of high-pressure processing on the carbonyl group 
content of sarcoplasmic proteins from hake (Merluccius merluccius)

Mean ± standard deviation. Different letters indicate a significant dif-
ference (p < 0.05)

Pressure (MPa) nmol/mg protein

0.1 1.12a ± 0.37

200 1.39a ± 0.72

400 1.42a ± 0.44

600 1.47a ± 0.54

Table 2  Characteristics of emulsions stabilized by sarcoplasmic proteins from hake (Merluccius merluccius) after different pressure treatments

Mean ± standard deviation. Different letters in the same column indicate a significant difference (p < 0.05)
1 After 7 days of storage at 35 °C

Pressure (MPa) Flow behavior Droplet size distribution Emulsion  
stability1 (%)

Protein  
adsorption1 (%)

Yield stress (Pa) Consistency 
index (Pa sn)

Flow behavior 
index

D[4,3] (µm) Span

0.1 0.17a ± 0.03 0.033a ± 0.011 0.80a ± 0.03 66.61ab ± 3.42 1.13a ± 0.19 77.8a ± 0.9 93.5a ± 0.6

200 0.18a ± 0.05 0.059b ± 0.020 0.71b ± 0.05 66.67ab ± 4.30 1.00a ± 0.05 82.2b ± 1.3 95.0ab ± 0.8

400 0.14b ± 0.01 0.026ac ± 0.005 0.84c ± 0.02 68.69b ± 4.12 1.01a ± 0.13 74.1c ± 1.8 95.3ab ± 1.0

600 0.10c ± 0.02 0.021c ± 0.003 0.87c ± 0.02 64.93a ± 1.76 0.89a ± 0.09 73.4c ± 1.6 96.8b ± 1.0
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treatment did not reduce the droplet size, which may be 
explained by the interaction between the proteins in the 
aqueous phase and the proteins that were already adsorbed 
at the interface [59]. As a consequence, pressure denatura-
tion of sarcoplasmic proteins at 400 and 600 MPa tended to 
enhance protein adsorption. Initially, the pressure denatura-
tion may decrease attractive forces and restrict the interac-
tion between droplets. Subsequently, the reactive groups of 
unfolded proteins could promote hydrophobic interactions 
between adsorbed proteins, which would destabilize these 
emulsions.

Conclusions

High-pressure processing induces the denaturation of 
extracted sarcoplasmic proteins from hake. Protein aggre-
gation of sarcoplasmic proteins by pressure denaturation 
was induced at 200 MPa. Specific sarcoplasmic proteins 
(78, 73, 63, 58, 37, 32 and 22 kDa) were susceptible to 
protein aggregation. However, the structural characteris-
tics of treated sarcoplasmic proteins depended on pressure 
level. Protein aggregates at 200 MPa were formed by weak 
forces, such as hydrophobic interactions, due to dissocia-
tion of some sarcoplasmic proteins. The aggregation pro-
cess was increased at 400 MPa owing to the disruption of 
tertiary and secondary structures of sarcoplasmic proteins. 
At 600 MPa, protein aggregates may have been formed 
by hydrophobic interactions and disulfide bonds. Pressure 
denaturation of sarcoplasmic proteins promoted destabiliz-
ing interactions in emulsions that decreased the emulsify-
ing capacity of sarcoplasmic proteins. Indeed, high-pres-
sure processing modifies the functionality of sarcoplasmic 
proteins. Nevertheless, further research is needed to evalu-
ate its implication on the gelation of myofibrillar proteins 
in treated fish or meat products.
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