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The effect of bovine plasma protein (BPP) on the inhibition of autolytic activity and its effect on the gelling properties of a protein
concentrate (PC) obtained from jumbo squid (Dosidicus gigas) mantle were investigated. Sols and gels were prepared from the PC
by adding different amounts of BPP (0, 1, and 2%). Dynamic oscillatory measurements indicated that systems with 1% BPP had a
higher elastic modulus (𝐺), in which hydrophobic interactions were favored. Concerning the technological and textural quality of
the gels, BPP caused a greater water holding capacity (WHC), force, cohesiveness, and elasticity, probably due to improvement of
the electrostatic and hydrophobic interactions during gel formation. Scanning electron microscopy (SEM) allowed visualization of
the formation of more rigid and ordered gels with less porosity when BPP was added.Therefore, the addition of BPP improved the
gelling capacity of proteins extracted from giant squid.

1. Introduction

The giant squid (Dosidicus gigas) is the largest and most
abundant species of squid found in the pelagic zone of the
eastern Pacific from Chile to the coast of Oregon. Among
the main species of squid caught in Mexico, it is the only
fishery with a significant development in the north Pacific [1].
The commercial appeal of the giant squid is its abundance,
low cost, high performance, low fat, and white color of
the meat [2]. These features are exploited mainly by the
seafood industries that trade in this species, manufacturing
products such as gel type emulsified products. However,
published studies about gelation from cephalopod muscle
outline major challenges related to the specific characteristics
of the myofibrillar proteins and high autolytic activity, and
it has been suggested that tissue from the giant squid is
not suitable for the preparation of a gel-like product. One
disadvantage is the presence of endogenous proteases, of

which the most active are calpains and cathepsins, which
cause problems with gelation such as textural changes, pro-
tein aggregation, and decreased water holding capacity and
gel strength [3, 4].

Certain proteins are widely used to improve gel strength
by inhibiting autolysis caused by endogenous proteases [5].
An example of this type of protein is bovine plasma protein,
which has been recognized as the most effective protease
inhibitor and a better agent for reinforcing surimi gels [6].
Benjakul and Visessanguan [7] found that porcine plasma
protein effectively inhibited proteolytic activity in Pacific
hake muscle (Pacific hake) and the autolytic activity of
surimi. Consequently, this research used different concen-
trations of bovine plasma protein to study the effect on
the autolytic activity and gelling properties of myofibrillar
proteins extracted from giant squid mantle (Dosidicus gigas),
in order to establish improved processing conditions and
promote the economic recovery of the species.
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2. Materials and Methods

2.1. Samples. Giant squid (Dosidicus gigas) were captured on
the coast of Baja California Sur in June 2014. Specimens
were eviscerated and placed in a cooler, using alternating
ice-squid-ice layers, and were transported to the Seafood
Laboratory of the University of Sonora. The squid mantles
were skinned, washed, and frozen at −20∘C until use.

2.2. Bovine PlasmaProtein (BPP). Bovine bloodwas obtained
from the Pecson slaughterhouse located in Hermosillo,
Sonora, Mexico, in March 2014. To prevent clotting, 100mL
of a 3.8% (w/v) sodium citrate solution was added per liter of
blood during collection. To remove the red cells, the blood
was subsequently centrifuged twice at 1500×g for 30min
at 4∘C in a refrigerated centrifuge. The supernatant (blood
plasma) was lyophilized and kept at −78∘C until use. The
plasma protein content was determined using the micro-
Kjeldahl method [8].

2.3. Preparation of Sols and Gels. Giant squid mantle was
partially thawed at 4∘C for 12 h. The mantle was minced and
homogenized with cold distilled water (4–6∘C) in a 1 : 3 ratio
(muscle : water). The resulting suspension was centrifuged at
13000×g for 15min at 4∘C.The protein concentrate obtained
was mixed with lyophilized plasma protein at concentrations
of 0% (control), 1%, and 2%. Immediately after developing
the sol, the moisture of the mixture was adjusted to 80%,
and 2.5% salt was added. The mixture was homogenized for
3min at 4∘C.The resulting sol was placed in a glass Petri dish
(with a height of 1 cm) and packed in bags.The sols were later
incubated and warmed to 90∘C for 30min in a water bath.
Immediately after heating, the gels were cooled in an ice bath
at 0 to 2∘C for 30min and stored at 4∘C overnight before the
functional and structural analysis was performed.

2.4. Effect of Bovine PlasmaProtein (BPP) onAutolytic Activity

2.4.1. Autolysis Assay. Autolytic activity was studied to deter-
mine the conditions for maximum autolytic activity on
the protein extract according to the method described by
Morrissey et al. [9]. Three grams of sols (without BPP) was
incubated in a water bath at temperatures of 20, 30, 35, 40, 45,
50, 55, 60, 65, 70, or 80∘C, for 10, 30, or 60min.Then, 27mL of
cold 5% trichloroacetic acid (TCA) was added. The mixtures
were homogenized on ice for 1 h, and the homogenates were
centrifuged at 5000 g for 5min to remove the undissolved
residue. The concentration of TCA-soluble peptides in the
supernatant was determined using the method of Lowry et
al. [10] and is expressed as micromoles of tyrosine per gram
of sample.

2.4.2. Assay of BPP Inhibitory Activity. The inhibitory activity
of bovine plasma protein (BPP) for autolysis was determined
according to the method of Morrissey et al. [9] with slight
modifications. The activity was measured in sols containing
1% to 2% BPP. Three grams of sol with BPP was incubated
in a water bath at 35∘C for 60min; these conditions were

previously determined to be the best for autolysis. Then,
27mL of 5% cold trichloroacetic acid (TCA) was added.
The mixtures were then homogenized on ice for 1 h, and the
homogenates were centrifuged at 5000 g for 5min to remove
undissolved residue. The concentration of TCA-soluble pep-
tides from the supernatant was determined using themethod
of Lowry et al. [10] and is expressed as micromoles (𝜇m) of
tyrosine per gram of sample. The inhibitory effect of bovine
plasma protein is expressed as percent inhibition using the
following formula:

% Inhibition = (𝐴 − 𝐵) × 100
𝐴

, (1)

where 𝐴 is the tyrosine content in the sample without added
protein and 𝐵 is the tyrosine content in the sample with BPP
added.

2.5. Molecular Characterization

2.5.1. Determination of Total Sulfhydryl (SHT). Proteins from
sols and gels were dissolved in Tris-HCl buffer to obtain a
concentration of 0.6%protein. A 5mL aliquot was taken from
this solution and combinedwith 1mL of 2mM5,5-dithiobis-
2-nitrobenzoic acid (DTNB) (prepared in phosphate buffer
at pH 7.0); then, 1.44 g of urea was added, and the color
was allowed to develop for 40min. The volume was adjusted
to 7mL with Tris-HCl buffer, and the solution remained
at room temperature until analysis. The absorbance of the
supernatant wasmeasured at 412 nm.The SHT concentration
in solutionwas calculated using amolar extinction coefficient
of 13,600/M/cm [11].

2.5.2. Surface Hydrophobicity (𝑆0 𝐴𝑁𝑆). The interaction
between the ANS reagent and hydrophobic regions of pro-
teins can cause fluorescence emission when irradiated with
appropriate electromagnetic radiation. Therefore the fluo-
rescence intensity is proportional to protein concentration.
For this essay, proteins from sols were dissolved in Tris-
HCl buffer to a concentration of 1.2% protein. Solutions
were serially diluted to obtain protein concentrations of 0.02,
0.03, 0.04, 0.05, and 0.06%. Immediately thereafter, 20 𝜇L of
15mM 1-anilino-8-naphthalenesulfonate (ANS) was added.
Subsequently, 3mL of the sample was excited at 325 nm,
and the fluorescence intensity was measured at an emission
wavelength of 420 nm. The surface hydrophobicity (S

0
) was

determined by the slope of the graph of fluorescence intensity
versus protein concentration, according Kato and Nakai [12].

2.5.3. Electrophoretic Profile (SDS-PAGE). The electrophoret-
ic profile of each protein system was analyzed by poly-
acrylamide gel electrophoresis (PAGE) using a dissociating
sodium dodecyl sulfate (SDS) buffer system in a discontinu-
ous gel (4% stacking gel and 10% separating gel) according
to the method of Laemmli [13]. A Mini PROTEAN 3 Cell
Multicasting Chamber (Bio-Rad Laboratories, Hercules, CA)
was used. Electrophoretic runs were performed at room tem-
perature (25∘C) at 80V. Thirty 𝜇g of protein was loaded into
each gel lane, and a broad-range molecular weight protein
standard solution (Bio-Rad Laboratories, Richmond, CA)
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containing myosin (200 kDa), beta-galactosidase (116 kDa),
phosphorylase b (97 kDa), bovine serum albumin (66 kDa),
ovalbumin (45 kDa), and carbonic anhydrase (31 kDa) was
used as a standard. After electrophoresis, the gel was stained
with 0.125% (w/v) Coomassie brilliant blue R-250 in 40%
(v/v) methanol and 7% (v/v) acetic acid and then destained
in 50% (v/v) methanol and 10% (v/v) acetic acid.

2.6. Macrostructural Characterization
2.6.1. Water Holding Capacity (WHC). The WHC was mea-
sured using the technique of Jiang et al. [14]. A 5 g sample
(gel) was centrifuged at 3000×g for 20min at 4∘C.TheWHC
is expressed as the percentage of water retained in relation
to the total amount of water present in the sample prior to
centrifugation.

2.6.2. Texture Profile Analysis (TPA). The texture profile was
evaluated on a texture analyzer TA-TX2 Plus. A compression
cell, 3.8 cm in diameter, was used at a speed of 1mm/s, using
two cycles of compression to 75%. The gels were cut into
cylindrical portions (1 cm × 1 cm) and remained at room
temperature for 30–40min prior to analysis.

2.6.3. Viscoelasticity. Viscoelasticity was determined on sols
using a rheometer (Rheometric Scientific, Model RSF III,
Piscataway, NJ, USA) according to the procedure described
by Campo-Deaño et al. [15]. The sample was placed in a
parallel flat dish of 25mm and separated by 2mm. The
storage modulus (𝐺) was continuously monitored at a fixed
frequency of 3Hz as a function of temperature, which was
increased from 5 to 95∘C at a heating rate of 5∘C/min.

2.7. Microstructural Characterization
2.7.1. Differential Scanning Calorimetry (DSC). Forty mg of
sol was placed in a calorimeter cell, ensuring good contact
between the sample and the lower face of the capsule. The
samples were scanned at a heating rate of 5∘C/min within
a range of 4–100∘C, at a sensitivity of 0.5mV/cm. The
denaturation temperature (𝑇

𝑑
) and denaturation enthalpy

(Δ𝐻) were monitored [16].

2.7.2. Scanning Electron Microscopy (SEM). The gel micro-
structure was observed by scanning electron microscopy
(SEM). Gels, 3mm thick, were fixed with glutaraldehyde
(2.5% v/v) in phosphate buffer (0.2mol/L, pH 7.2). Subse-
quently, samples were rinsed for 1 h in distilled water before
drying in an ethanol series of 50, 70, 80, 90, and 100% (v/v).
Dried samples were mounted on a bronze strip and coated
by gold sputtering (SPI-Module Sputter Coater, PA, USA).
Finally, samples were observed under a scanning electron
microscope (JEOL JSM-5800 LV, Tokyo, Japan) using an
acceleration voltage of 20 kV.

2.8. Experimental Design and Statistical Analysis. A com-
pletely randomized design of the factor (percentage of BPP)
at three levels (0, 1, and 2%) and a one-way analysis of
variance were used. The data obtained were analyzed using

JMP software version 5.0.1. To compare differences among
the means, a Tukey’s multiple comparison test was used at a
significance level of 5% and 𝑛 = 3. All determinations were
performed in triplicate.

3. Results and Discussion

3.1. Study of Autolysis in Sols. Figure 1 shows the autolytic
activity in sols obtained from giant squid mantle (Dosidicus
gigas) at different temperatures and incubation times. For
all incubation times, the amount of TCA-soluble peptides
increased as the temperature increased from 20 to 35∘C,
reaching a maximum at 35∘C. Subsequently, the amount of
TCA-soluble peptides significantly decreased after incuba-
tion at 35–45∘C and increased again at 55∘C. Finally, the
content of soluble peptides decreased dramatically at 70∘C,
probably due to the denaturation of the proteases.

In a study by Dublán-Garćıa et al. [17], the proteolytic
activity of the squid mantle (Dosidicus gigas) as a function
of pH and temperature was evaluated. An increase in the
proteolytic activity at 35∘C was observed. However, these
researchers detected an increase in the proteolytic activity
at 55∘C, which was attributed to the presence of cathepsin
L because its optimum activity is near this temperature. A
third increase in the proteolytic activity at 65∘Cwas observed,
which could be due to a heat-activated protease. The lat-
ter enzymes adversely impact quality, causing an excessive
softening of the muscle in marine products, mainly due
to the hydrolysis of myosin and other myofibrillar proteins
involved in thermal gelation [18]. In a study carried out
by Konno et al. [19], in which the thermal denaturation
and autolytic protein profiles from squid mantle (Dosidicus
gigas) were studied, it was found that mantle incubated
at 25∘C in 0.3M NaCl had higher autolytic activity, but
when the concentration was increased to 1M, the activity
gradually decreased. Albrecht-Ruiz and Solari [20] studied
the proteolytic activity from squid mantle (Dosidicus gigas)
and observed a higher activity between 30 and 40∘C and
another peak at approximately 50∘C. Our results, for which
the maximum proteolytic activity from squid mantle was at
35∘C, are consistentwith those reported byAlbrecht-Ruiz and
Solari [20] andDublán-Garćıa et al. [17]. However, our results
are different from those obtained by Konno et al. [19], who
observed maximum activity at 25∘C, which could be related
to the frozen storage time as well as the fishing season and
the squid age. These results indicate that these enzymes are
retained even during the washing process; therefore, the use
of enzyme inhibitors is necessary.

In studies with other species of squid, Ayensa et al. [3]
observed that the maximum autolytic activity in Todaropsis
eblanae was at 45∘C for washed muscle, while Benjakul et al.
[5], working with lizard fish (Saurida tumbil), reported that
the highest autolytic activity was observed between 60 and
65∘C for chopped muscle. On the other hand, Kolodziejska
and Sikorski [21] found that the optimum temperature for an
extract from cod (Pacific Gadus morhua) was in a range from
30 to 45∘C. Therefore, these findings suggest that differences
in the autolytic profile are a species-dependent phenomenon.
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Figure 1: Effect of temperature and incubation time on the soluble
peptides in TCA in sols from giant squid (Dosidicus gigas).

3.2. Effect of Bovine Plasma Protein (BPP) on the Inhibition
of Autolysis in Sols. The inhibition of autolysis in sols con-
taining 1 and 2% BPP incubated at 35∘C for 60min is shown
in Figure 2. These conditions were chosen based on results
obtained in previous tests. As observed, sols without BPP
showed higher autolytic activity, and major autolytic inhi-
bition was observed with 2% BPP. This inhibition could be
due to plasma inhibitors such as𝛼-macroglobulin, kininogen,
and inhibitors of cysteine proteases, which can improve the
thermal gelation of proteins [6, 22–24]. Similar results were
obtained by Benjakul and Visessanguan [7], who reported
that the BPP had greater inhibitory activity than porcine
plasma protein (PPP) or ovalbumin (AH) for Pacific hake
proteases (Merluccius gayi). In another study, Seymour et
al. [25] evaluated the effect of BPP on protease inhibitory
activity in Pacific hake (Merluccius gayi) and found that 1%
BPP caused an inhibition of 78%. The authors suggested
that the inhibitory activity was due to the presence of
plasma inhibitors such as 𝛼-macroglobulin, which is an
inhibitorwith a similar structure to a natural substrate; hence,
the active center of the protease recognizes and binds the
inhibitor as a pseudosubstrate, but unlike a true substrate,
it cannot be transformed. Thus, the substrate and inhibitor
simultaneously compete for the active site of the enzyme.

3.3. Molecular Characterization
3.3.1. Total Sulfhydryl Content (TSH). Figure 3 shows the
effect of the addition of BPP on the concentration of TSH
in sols and gels. As expected, the TSH content in sols
was the same (𝑝 ≥ 0.05) in all the treatments because
the protein system had not yet undergone heat treatment.
Moreover, the addition of BPP did not contribute to the TSH
content, implying that BPP has a low SH group content.
The decrease in TSH in the gels was expected during the
gelation heat treatment because protein unfolding during
heating increased the exposure of SH groups. Thiol groups
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Figure 2: Effect of addition of BPP on the inhibition of the autolytic
activity of sols from giant squid (Dosidicus gigas).
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Figure 3: Effect of addition of BPP on the TSH content of sols and
gels of protein concentrates from giant squid (Dosidicus gigas). Dif-
ferent letters in the same group bars (sol or gel) indicate significant
differences (𝑝 < 0.05).

through an oxidation reaction can form disulfide bridges (SS)
at temperatures above 50∘C. On the other hand, the TSH
content decreased during gelation with an increase in the
BPP concentration, which could be explained by the possible
interaction between BPP and the S-1 fragment, promoting the
formation of SS bonds [26]. A lower content of TSH indicates
the major formation of SS bonds, which are related to gel
strength obtained in the TPA. However, some researchers
have reported that the formation of disulfide bonds is not a
prerequisite for myosin gelation, because covalent disulfide
bonds between polypeptide chains are involved in protein
gelation and increase the apparent length of the polypeptide
chain instead of acting as a stabilizer of the initial network;
however, SS bonds contribute to the formation of the gel
network, especially the S-1 fragment of the globular head [27].

3.3.2. Surface Hydrophobicity (S0 ANS). Several recent stud-
ies have focused on studying the effect of added BPP on
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gelation properties in various marine species. However,
no studies exist concerning the addition of BPP on con-
formational changes in proteins during gel formation in
marine species. Therefore, we cannot compare the results
of our study to those from other studies. Hence, we will
explain the results based on the structural features of each
protein system. Figure 4 shows the effect of adding BPP
on surface hydrophobicity (S

0
ANS) in the sols. The three

treatments showed linearity; however, sol without BPP gave
a higher 𝑟2. It could be due to the difficulty of the ANS
to interact with hydrophobic regions in the presence of
BPP. The hydrophobicity was reduced with the addition
of BPP, possibly because of its physicochemical and struc-
tural characteristics. BPP is composed of soluble proteins
containing hydrophilic residues that are generally exposed
to water, while hydrophobic groups are generally located
inside the molecule. Howell and Lawrie [28] studied plasma
protein gelation with egg albumin and found a synergistic
effect between the hydrophilic and hydrophobic residues.
Their interactions varied with time, temperature, and the
concentration of each protein in the mixture. In contrast,
a combination of lysozyme with either 𝛼-lactalbumin or
𝛽-lactoglobulin resulted in aggregation due to electrostatic
interactions.

3.3.3. Electrophoretic Profile (SDS-PAGE). The electropho-
retic patterns are shown in Figure 5. As shown, paramyosin
(PM) and actin (AC) were themajor proteins, withmolecular
weights of 97 and 45 kDa, respectively. The sols showed
that MHC remained better as the concentration of BPP was
increased.However, bands of PMandAC also showed greater
intensity as the BPP level increased.These results indicate that
the addition of BPP decreases the degradation of myofibrillar
proteins, especially MHC, PM, and AC. Compared to the
sols, a decrease in lower molecular weight bands and an
increase in higher molecular weight bands were observed,
which could be attributed to the formation of SS during heat
treatment.Thus, the disulfide bond (SS) formation resulted in
the formation of protein aggregates. Similar results have been
reported by Rawdkuen et al. [29], who assessed the effect of
the addition of chicken protein plasma (CPP) on the gelation
of myofibrillar proteins from snapper (Priacanthus tayenus).
In another study, Visessanguan et al. [24] evaluated the effect
of adding of porcine plasma protein (PPP) on the rheological
properties and texture of gels from Pacific hake (Merluccius
gayi) and found that the degradation of myosin and actin in
sols was inhibited by the addition of PPP.

3.4. Macrostructural Characterization

3.4.1. Water Holding Capacity (WHC). Gels with added BPP
exhibited a very high WHC compared to those without the
additive (Table 1). This result indicates that protein-water
interactions are stronger within the three-dimensional net-
work of gels containing BPP, probably due to the contribution
of BPP, mainly albumin and globulin, which could have
provided an open space to immobilize free water [30]. It
could be possible due to a better electrostatic interaction

Sol 0% BPP
Linear regression
Sol 1% BPP

Linear regression
Sol 2% BPP
Linear regression

20

40

60

80

100

120

140

In
te

ns
ity

 o
f fl

uo
re

sc
en

ce

0.02 0.03 0.04 0.05 0.06 0.070.01
Protein concentration (%)

Figure 4: Effect of addition of BPP on the surface hydrophobicity of
sols from giant squid (Dosidicus gigas).

Table 1: Effect of the BPP addition on the texture parameters and
water holding capacity in gels.

Treatments
Parameter BPP 0% BPP 1% BPP 2%
WHC 82.34 ± 0.75c 88.57 ± 0.14b 94.24 ±0.36a

Firmness (g) 213.53 ± 13.752c 310.696 ± 15.489b 424.811 ± 11.132a

Adhesiveness
(g⋅sec) 11.686 ± 9.062a 5.226 ± 1.033c 7.187 ± 9.145b

Elasticity 0.492 ± 0.051c 0.755 ± 0.093a 0.524 ± 0.019b

Cohesiveness 0.507 ± 0.025c 0.825 ± 0.017b 0.841 ± 0.005a

Different superscripts in the same row indicate significant differences (𝑝 <
0.05).

between the water ions and ionizable groups of proteins. Also
it may be due to the formation of a better structured protein
network, which is able to absorb water better. In gels without
BPP, the lowest WHC could be related to the increased
degradation of myofibrillar proteins, especially myosin, as a
result of increased enzyme activity. Sánchez-González et al.
[31] determined the WHC in gels made from Alaska Pollock
(Theragra chalcogramma), finding a significant increase in the
WHC in gels enriched with various protein additives, among
them BPP, PPP, and whey proteins (WPC). In another study
by Rawdkuen et al. [32], the effect of BPP on proteolysis and
the ability to form gels were studied in sardine (Sardinella
gibbosa), and the authors found that theWHCwas improved.

3.4.2. Texture Profile Analysis (TPA). The TPA values are
shown in Table 1. Higher hardness values were obtained
with 2% BPP, probably because of higher autolytic inhibition
resulting in a better protein-protein interaction. Although
squid proteins are characterized by a poor gelling ability,
the toughness obtained in this study was higher than that
reported by Benjakul et al. [5, 22], who evaluated the effect
of chicken plasma protein (CPP) on the gelling properties of
proteins from snapper (Priacanthus tayenus) and lizardfish
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Figure 5: Electrophoretic profile of proteins of sols (a) and gels (b) from giant squid (Dosidicus gigas) added with different concentrations
of BPP (0, 1, and 2%). Line 1: marker of broad range (Std); line 2: sol control; line 3: sol with 1% BPP; line 4: sol with 2% BPP. MHC, myosin
heavy chain; PM, paramyosin; BSA, bovine serum albumin; AC, actin.

(Saurida tumbil), obtaining values of 198.56 and 225.32 g for
1 and 2% CPP, respectively. Similarly, in a study by Morrissey
et al. [9], in which the effect of the added PPP during the
formation of surimi gels from Pacific hake (Merluccius gayi)
was studied, values of 192 and 248 g were obtained for 1 and
3% PPP, respectively. However, Rawdkuen et al. [32], who
studied the effect of added BPP on the gelling properties
in sardine (Sardinella gibbosa), reported strength values of
756 and 899 g for 1 and 2% BPP, respectively. These results
suggest that these differences are species-dependent, due to
the inherent characteristics of the proteins in each species.

Elasticity and cohesivenesswere improved by adding BPP,
which could be due to better protein-protein interactions.
However, elasticity was higher in the sample with 1% BPP,
which is consistent with results obtained in the viscoelasticity
study, which shows higher crosslinking, possibly due to
hydrophobic interactions. The lower elasticity obtained with
2% BPP could be attributed to the possible interference of the
plasma proteins with the formation of a three-dimensional
network between the myofibrillar proteins, especially myosin
and actin.

3.4.3. Viscoelasticity. Figure 6 shows the effect of adding BPP
on changes in the storage modulus (𝐺) during thermal gela-
tion. Significant differences between the control (noBPP) and
protein systems with added BPP were observed; a significant
improvement with the addition of 1% BPP was detected. An
initial increase in 𝐺 to almost 40∘C in the control could
be due to the formation of a flexible structure by myosin
crosslinking [33], which generally begins at 25∘C in most fish
species proteins. Then, 𝐺 decreased from 40∘C, probably
due to the dissociation of the myosin 𝛼-helix, especially
light meromyosin (tail portion) and the fragmentation of
actin filaments, causing fluency [34]. However, the lowest
𝐺
 value (45–55∘C) was probably caused by the proteolytic

activity at these temperatures (the modori phenomenon).
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Figure 6: Effect of addition of BPP on changes in the storage
modulus (𝐺) during heating of sols from giant squid (Dosidicus
gigas).

The subsequent increase in 𝐺 has been attributed to the
strengthening of a protein network from 50 to 85∘C due to
hydrophobic interactions [35].

The treatments containing BPP showed a maximum
𝐺
 value at approximately 85∘C, whereas without BPP, the

maximum peak elasticity was higher. This result could be
attributed to the interaction of the BPP components and
the protein concentrate. On the other hand, the addition of
BPP caused an increase in the elastic behavior, which could
be attributed to the protease inhibitory effect, decreasing
the autolysis of myofibrillar proteins. Similar results were
reported by Rawdkuen et al. [32], who studied the effect
of adding chicken plasma proteins (CPP) at different levels
(0–3% w/w) on the rheological properties and texture in
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Table 2: Effect of the BPP addition on the thermal behavior of sols.
Treatments

BPP % BPP 1% BPP %
𝑇
𝑑
(∘C) Δ𝐻 (J/g) 𝑇

𝑑
(∘C) Δ𝐻 (J/g) 𝑇

𝑑
(∘C) Δ𝐻 (J/g)

Peak 1 44.54 ± 0.36a 0.47 ± 0.01a 44.98 ± 0.43a 0.53 ± 0.07a 45.32 ± 0.31a 0.61 ± 0.03a

Peak 2 70.93 ± 0.15b 0.23 ± 0.014b 72.67 ± 0.29a 0.33 ± 0.08b 72.95 ± 0.19a 0.44 ± 0.01b

Peak 3 90.29 ± 0.001a 0.0136 ± 0.01c 85.78 ± 0.24b 0.0067 ± 0.01c 85.57 ± 0.08b 0.0038 ± 0.00c

Different superscripts in the same column indicate significant differences (𝑝 < 0.05).

60𝜇m 1000x 20kV

(a)

60𝜇m 1000x 20kV

(b)

60𝜇m 1000x 20kV

(c)

Figure 7: SEM micrographs obtained of gels from giant squid (Dosidicus gigas) added with BPP. (a) Gel control (0% BPP), (b) gel with 1%
BPP, and (c) gel with 2% BPP.

Pacific hake (Merluccius gayi) proteins. These researchers
found that 2 and 3% CPP showed lower 𝐺 values and
therefore hypothesized that CPP components interfere with
gel formation. However, the gel strength was improved in
both kamaboko and modori. Therefore, they concluded that
the improvement in the gelling properties was due to the
autolytic inhibition caused by endogenous proteases.

Sols with 1% BPP had higher 𝐺 values, which could
be because a higher BPP concentration (2%) impeded the
hydrophobic interaction between proteins, causing a lower
𝐺
 value. Similar results have been reported by Visessanguan

et al. [24], who studied the effect of BPP on actomyosin
gelation and found that 3% BPP interfered with gelation,
resulting in a lower 𝐺 value. However, these authors also
found that it was possible to improve any type of interaction
by changing the ionic strength, which could promote more
orderly interactions.

3.5. Microstructural Characterization
3.5.1. Differential Scanning Calorimetry (DSC). The effect of
added BPP on the phase transitions of proteins from giant
squid (Dosidicus gigas) was investigated by differential scan-
ning calorimetry (DSC). Table 2 shows the maximum denat-
uration temperature (𝑇

𝑑
) and the enthalpy of denaturation

(Δ𝐻) for the different protein systems. In sols without BPP,
the denaturation profiles showed three endothermic peaks.
Peak 1 likely corresponded to the denaturation temperature
of myosin, a myofibrillar protein believed to be primarily
responsible for gel formation, which had a 𝑇

𝑑
of 44.54∘C and

a net thermal energy of 0.47 J/g. The second endothermic
peak had a 𝑇

𝑑
of 70.93∘C and a Δ𝐻 of 0.23 J/g and was

probably due to the thermal transitions of actin, another
myofibrillar protein present in muscle. Similar results were
reported by Ramı́rez Olivas et al. [36], who studied the
firmness and thermal behavior changes in jumbo squid
mantle (Dosidicus gigas) stored in ice. They reported that
thermal transitions of myosin and actin occurred at 50 and
79∘C, respectively. Finally, the third endothermic peak can be
attributed to collagen or paramyosin.

Three endothermic transition peaks were obtained in sols
with added BPP. As shown in Table 2, peaks 1 and 2 might
correspond to myosin and actin denaturation, respectively.
No significant differences (𝑝 < 0.05) were detected inmyosin
denaturation; however, peak 2 showed a significant increase
that could be attributed to a possible interaction between BPP
and the protein concentrate. For peak 3, protein systems with
added BPP had a 𝑇

𝑑
of 85.78 ± 0.24 and 85.57 ± 0.08 for 1

and 2% BPP, respectively. The former 𝑇
𝑑
was similar to the

maximum peak detected in the viscoelasticity experiment,
which could be attributed to the protein components of
BPP; their low enthalpy indicates that they are a minor
protein component; therefore, the energy required to achieve
denaturation was very low compared with peaks 1 and 2.

3.5.2. Scanning Electron Microscopy (SEM). The microstruc-
ture of giant squid (Dosidicus gigas) gels with added BPP (0,
1, and 2%) was visualized by SEM, as shown in Figure 7. It
was noted that the gel microstructure without BPP showed
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a structured protein matrix, but it was disorganized and had
a globular surface appearance. Furthermore, gels containing 1
and 2%BPP had amore dense and compactmatrix compared
to the control, with a lower porosity and higher order. How-
ever, microstructure of the gel containing 1% BPP showed
a more compact and structured protein network, which
could explain the higher 𝐺 for this treatment. According
to viscoelastic and SEM analysis, treatment with 1% BPP
formed a more ordered gel, whereas TPA indicated that the
best treatment was 2% BPP. This finding could be explained
due to differences in the physicochemical properties of the
proteins as a function of temperature. At high temperatures
(80–90∘C), hydrophobic interactions are favored, causing an
increase in the elasticmodulus; once the gel is cooled, electro-
static interactions predominate (which was when texture was
measured). Therefore, it is likely that a higher BPP content
decreases hydrophobic interactions in proteins from protein
concentrate.

On the other hand, as shown in the electrophoretic pro-
file, the added proteins (albumin and globulin) did not induce
crosslinking of the myofibrillar protein from giant squid
(Dosidicus gigas) but rather interacted through hydrophobic
and electrostatic interactions, acting as a filler between the
protein network and improving the strength and resilience.

4. Conclusions

The addition of BPP to protein concentrates obtained from
giant squid mantle partially inhibited endogenous prote-
olytic activity and was reflected by improved functional
properties. BPP impeded hydrophobic interactions at high
temperatures, but once the protein system was cooled, the
electrostatic interactions between different protein structures
were favored, causingmore rigid,more elastic,more cohesive,
and better organized gels, thereby improving their gelation
ability.
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Solas, and A. Javier Bordeŕıas, “Rheological study of giant squid
surimi (Dosidicus gigas) made by two methods with different
cryoprotectants added,” Journal of Food Engineering, vol. 94, no.
1, pp. 26–33, 2009.

[16] M. E. Paredi, M. C. Tomas, M. C. Añon, and M. Crupkin,
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