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Abstract
Jumbo squid is an important marine resource commercialized in Chile as well as American countries such as Perú, México, and
USA. In order to find the best conditions for prevention of squid meat degradation, this study presented the simultaneous application
of high hydrostatic pressure and osmotic dehydration (high-pressure impregnation (HPI)) on jumbo squid (Dosidicus gigas) slices.
Diffusion coefficients for both components water and solids are improved by the high-pressure processing. The pressures used were
100, 250, and 400MPa for a 15 g/100 mL salt concentration for time intervals of 30 s. The mathematical expressions used for mass
transfer simulations of both water and salt were those corresponding to Newton, Henderson and Pabis, Page, and Weibull models,
where theWeibull model presented the best fitted to the experimental data for both components. As to quality parameters studied for
texture profile analysis, the treatment at 250 MPa yielded on the samples a minimum hardness, whereas springiness, cohesiveness,
and chewiness at 100-, 250-, and 400-MPa treatments presented statistical differences regarding unpressurized samples. The color
parameters L* (lightness) increased; however, b* (yellowish) and a* (reddish) parameters decreased when increasing pressure level.
This way, samples presented a brighter aspect and a mildly cooked appearance. The results presented in this study could support the
potential of high hydrostatic pressure application as a technique novel for other compound impregnation under high pressure.
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Introduction

The jumbo squid (Dosidicus gigas) is the largest invertebrate of
the pelagic seacoast fauna as well as specie more important in
Chilean waters (Fernández and Vásquez 1995; Rocha and Vega
2003). In recent years, jumbo squid has become a resource of
great relevance in the fishing industry of Chile that is why

external demand has increased in landings, development, and
commercialization of this resource (Ibáñez and Ulloa 2014).
Usually, jumbo squid is marketed as fresh or frozen product
and among their nutritional properties includes its high protein
content and low fat content (Abugoch et al. 1999).

As a way to minimize physical, chemical, and biological
reactions leading to a deterioration of fresh seafood, the ne-
cessity arises to develop new processing techniques in the
fishing industry (Valencia-Pérez et al. 2008). Osmotic dehy-
dration (OD) is a mass transfer mechanism in which water is
partially removed from foods by immersing them in hyperton-
ic solutions such as syrup or brine (Uribe et al. 2011).
Furthermore, this technology is used as a pretreatment to im-
prove nutritional, sensorial, and functional properties of food
without changing its integrity. During this process, the cell
membrane acts as a semi-permeable film; two main fluxes,
namely, the diffusion of water out of the tissue into the osmot-
ic solution due to osmosis and the uptake of solute from os-
motic solution to the product, happen in a simultaneous and
opposite mode (Lemus-Mondaca et al. 2009). Among the
benefits of OD is that it reduces the moisture content and thus
convert it to intermediate moisture food, helping to increase
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the shelf life of the product (Chavan et al. 2010). As a way to
describe the mass transfer phenomena during the OD of food-
stuffs, some authors have used empirical mathematical models
while others have used the analytical unsteady solution of
Fick’s law second to estimate diffusion coefficients of water
loss and solid uptake. However, information that is available
in literature regarding these models on the simulation of OD of
jumbo squid are limited (Uribe et al. 2011).

In literature, it is reported that the high-pressure treat-
ment under intervals between 100 and 700 MPa and
200–400 MPa enhanced the water and solid diffusion
for OD of pineapples (Rastogi and Niranjan 1998) and
strawberries (Nuñez-Mancilla et al. 2011), respectively.
Similarly, Villacís et al. (2008) showed that high-
pressure processing affected component diffusion into
turkey breast. They found that moisture diffusion coeffi-
cient infusing out of the sample was minimum at
150 MPa, whereas NaCl diffusion coefficient infusing
into the sample was maximum at 150 MPa. Also,
Zhang et al. (2015) investigated the effect of HP process-
ing under single and two cycles on physicochemical and
microbial properties of squid (Todarodes pacificus)
pieces during 4 °C storage. These researchers demon-
strated that the two-cycle HP treatment was more effec-
tive in controlling microbial growth and quality deterio-
ration regarding the single-cycle treatment, thus more
desirable for extending shelf life of fresh squids. Other
studies have been applying high hydrostatic pressure in
different food such as marine and vegetables products
(Briones-Labarca et al. 2012; Landl et al. 2010), which
focused on microbiological and physicochemical
characteristics.

To our knowledge, no research has been performed on the
effect of high hydrostatic pressure on the osmotic dehydration
kinetics and quality aspects of jumbo squid. In this way, the
aim of this research was to study and model the mass transfer
kinetics of moisture and solids during simultaneous osmotic
dehydration and high hydrostatic pressure on jumbo squid at
different pressures and to assess their effect on quality aspects
such as color and analysis profile textural.

Materials and Methods

Raw Material and High-Pressure Impregnation

Jumbo squid (D. gigas) was obtained at the local fish market
at the seaport of Coquimbo, Chile. Jumbo squid were cleaned,
washed, and chopped into slices of 5.0 ± 0.2 cm each side and
1.0 ± 0.1-cm thickness, and then were maintained refrigerated
at 4.0 ± 0.2 °C. The osmotic solutions were prepared using
commercial salt and distilled water. Then, samples were

weighed individually and submerged in the hypertonic solu-
tion (NaCl, 15 g/100 mL) in a 1/8 (w/w) jumbo squid to water
ratio and packaged in polyethylene bags prior to high-pressure
impregnation (HPI) processing. HPI treatment was carried out
in a cylindrical loading container at 15 °C in a 2-L pilot high-
pressure unit (Avure Technologies Inc., Kent, WA, USA).
Water was employed as the pressurizing medium, working
at 17 MPa/s ramp rate; decompression time was less than
5 s. Samples were subjected to three different high-pressure
conditions, 100, 250, and 400 MPa along with a control treat-
ment (unpressurized samples) at atmospheric pressure,
0.1 MPa. The measurements were performed at 30-s intervals
until reaching 300 s (final time). The samples treated were
removed from the hypertonic solution after HPI treatment,
and the excess of saline solution on the surface was eliminated
with tissue paper. Then, moisture and salt content in the sam-
ples impregnated was determined following the method of
A.O.A.C. 934.06, while salt content was determined by the
Mohr method (A.O.A.C. 1990). Each experiment was carried
out in triplicate.

Determination of Water and Solid Diffusion
Coefficients

Mass transfer kinetics during treatment HPI has been modeled
using Fick’s second law of diffusion (Chenlo et al. 2007). In
this model, the dependent variable is the moisture ratio (MR)
or solid ratio (SR) which relate the mass transfer gradient
(moisture and solid) in real time to both initial and equilibrium
contents (moisture and solid; Eq. 1) (Uribe et al. 2011).
Considering the jumbo squid as semi-infinite slice with ini-
tially uniform water and solid contents, the solution for Fick’s
equation for constant process conditions is (Crank 1975)

MR or SR ¼ ∑
∞

i¼0

8

2iþ 1ð Þπ2
exp

De 2iþ 1ð Þπ2t
4L2

� �
ð1Þ

This way, the variables of this model diffusional are mois-
ture loss (MR; Eq. 2) and salt gain rate (SR; Eq. 3) (Uribe et al.
2011), represented as follows:

MR ¼ Mt

Mo
¼ 8

π2
exp

Dweπ2t
4L2

� �
ð2Þ

SR ¼ St
So

¼ 8

π2
exp

Dseπ2t
4L2

� �
ð3Þ

where MR and SR are the moisture and salt ratios, respective-
ly; Mt and St are the moisture or solid contents in real time,
respectively; Mo and So are the initial moisture content or
solids, respectively; Dwe and Dse are the effective diffusivity
of water or solid (m2/s); t is the process time (min); and L is the
half-thickness of the slice (m).
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Mathematical Models

Mathematical modeling of mass transfer selection of mathe-
matical models was based on those previously proposed in
agricultural products during osmotic dehydration and can also
be found on previous works (Corzo and Bracho 2008; Vega-
Gálvez et al. 2011; Uribe et al. 2011). The selected mathemat-
ical models are

Newton MR or SR ¼ exp −k1tð Þ ð4Þ
Henderson‐Pabis MR or SR ¼ aexp −k2tð Þ ð5Þ
Page MR or SR ¼ exp −k3tnð Þ ð6Þ
Weibull MR or SR ¼ exp − t=βð Þαb c ð7Þ

Statistical Evaluation of Models

The determination coefficient (R2), sum squared error (SSE;
Eq. 8), root mean square error (RMSE; Eq. 9), and chi-squared
(χ2; Eq. 10) statistical tests values were applied; these were
selected as optimal criteria in order to evaluate the fit quality
of the empirical models, and then to select the equation which
best described the osmotic dehydration curves.

SSE ¼ 1

N
∑
N

i¼0
MRei or SRei−MRci or SRcið Þ2 ð8Þ

RMSE ¼ 1

N
∑
N

i¼0
MRci or SRci−MRei or SReið Þ2

� �1=2 ð9Þ

χ2 ¼ ∑N
i¼0 MRei or SRei−MRci or SRcið Þ2

N−z
ð10Þ

where MRei is the moisture content experimental, MRci is the
calculated moisture content, i is the number of terms, z is a
constant number, and N is the number of data.

Quality Parameters

Proximal Analysis

Themoisture content was determined following the method of
A.O.A.C. 934.06, using an analytical balance (CHYO, Jex-
120, Kyoto, Japan) with an accuracy of ± 0.0001 g and a
vacuum drying oven at 50 °C (Gallenkamp, OVA–031,
Leicester, UK). The crude protein content was determined
using the Kjeldahl method with a conversion factor of 6.25
(A.O.A.C. 960.52). The lipid content was analyzed gravimet-
rically following Soxhlet extraction (A.O.A.C. 960.39). The
crude ash content was estimated by incineration in a muffle
furnace (Felisa, FE-341, Jalisco,Mexico) at 550 °C (A.O.A.C.
923.03). Finally, the salt content of the samples was deter-
mined by the Mohr method (A.O.A.C. 1990). All the analyses

mentioned above were performed in triplicate and expressed
in g/100 g dry matter.

Measurement of Textural Characteristics

The instrumental texture profile analysis (TPA) of jumbo
squid samples was carried out with a texture analyzer
(Model TA-TX PLUS, Texture Technologies, Scarsdale, NY,
USA). The sample was compressed to 75% of its original
thickness with speed of 1 mm/s; the samples were compressed
twice. Texture analysis was automatically performed by the
texture expert software (v.2.63; Stable Micro Systems Ltd.),
and the following parameters were recorded: hardness (N),
maximum force required to compress the sample; cohesive-
ness (dimensionless), extent to which the sample could be
deformed prior to rupture; springiness (cm), ability of sample
to recover its original form after the deforming force is re-
moved; and chewiness (N/cm), the work needed to chew a
solid sample at a steady state of swallowing (Bourne et al.
1966). Ten replicated instrumental measurements were per-
formed for each analysis.

Surface Color

Evaluation of color changes in the surface of the samples was
done using a colorimeter (HunterLab, model MiniScan XE
Plus, Reston, VA, USA), including an opening 2.5-cm diam-
eter where light goes through. The measurements were
expressed by Hunter Lab units L*, a*, and b* values which
represent light-dark spectrum with a range from 0 (black) to
100 (white), the green-red spectrum with a range from − 60
(green) to + 60 (red), and the blue-yellow spectrum with a
range from − 60 (blue) to + 60 (yellow) dimensions, respec-
tively, along with a standard illuminant D65 and Observer 10°
(Vega-Gálvez et al. 2011). The colorimeter yielded L*, a*, and
b* values for each spot, which were converted to the total
value of color difference (ΔE) according to Eq. 10. The ex-
periments were done in triplicate.

ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔL*2 þΔa*2 þΔb*2

p
ð11Þ

Statistical Analysis of Quality Parameters

Statistical analysis of experimental data was determined using
Statgraphics Plus® v.5.1 software (STSC, Inc. 1991),
applying an analysis of variance (ANOVA) to estimate any
statistically significant differences at a confidence level of
95% (P < 0.05) along with a multiple range test (MRT) for
the comparison of data.
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Results and Discussion

Mass Transfer Kinetics and Diffusion Coefficients

Proximate analysis of jumbo squid presented an initial mois-
ture content of 88.31 ± 0.69 g, crude protein (N × 6.25) of
18.42 ± 0.80 g, total lipids of 0.10 ± 0.01 g, ash of 1.06 ±
0.04 g, and salt content of 1.92 ± 0.01 g, where all results
obtained were expressed in 100 g dry matter. Similar results
were reported by Abugoch et al. (1999), Cortés-Ruiz et al.
(2008), Uribe et al. (2011), and Vega-Gálvez et al. (2011).

Figure 1 shows the changes in the experimental profiles of
moisture and salt contents during HPI (100–400MPa) of jum-
bo squid. During this process, simultaneous water and salt
movement occurred. As a result, the properties of the muscle
were also modified. Water and salt transfer rate into jumbo

squid took place, owing to the differences in osmotic concen-
tration and pressure gradient between muscle cells and the
salting agent. Water content decreased while salt content in-
creased with an increase in pressure from 100 to 400 MPa.
Focusing on Fig. 1b, it shows a plot of SR vs. pressurizing
time where the SR at 400 MPa is above 100 MPa. The same
pattern repeats over the whole process time. Therefore, SR,
which stands for salt ratio, increases with pressure. Likewise,
lower values of water content and higher salt contents in com-
parison to the unpressurized samples (0.1 MPa) were obtain-
ed. The variation in these values is likely due to HPI-induced
modifications of the cell wall structure (primarily the non-
covalent bonds) leaving the cells more permeable and
resulting in increased mass transfer rate (Landl et al. 2010).

To compare the mass transfer characteristics, both water
and solute diffusion coefficient into the sample were calculat-
ed. Table 1 shows water and salt diffusion coefficients during
HPI under 100, 250, and 400 MPa, which varied from 14.18–
20.26 and 1.62–4.05 × 10−9 m2/s, respectively. The water and
salt diffusivities from pressurized samples were always higher
than diffusivities of the unpressurized samples; the higher
values for water and salt diffusivity were observed to
100MPa. These values decreased with increasing the pressure
level to 400 MPa (P < 0.05). This observed effect could be
attributed to the changes in the cell structure due to high-
pressure application (Villacís et al. 2008). Previous reports
on meat products (meat, pork, turkey, chicken among other)
showed that the increase in NaCl content with pressure treat-
ment up 150MPa resulted in increased water-holding capacity
since the increase in ionic strength due to NaCl diffusion sol-
ubilized the muscle protein, which in turn resulted in higher
water-holding capacity and tenderness (Gou et al. 2003;
Villacís et al. 2008). Pressures above 150 MPa resulted in
decrease in solubility of protein (Macfarlane and McKenzie
1976), and complete denaturation was obtained at 300 MPa
(Ikkai and Ooi 1966). Villacís et al. (2008) reported that water
and salt diffusion coefficient decreased and increased, respec-
tively, up to 150MPa; further increase in pressure to 300MPa
resulted that moisture diffusivity increased and NaCl
diffusivity decreased for turkey breast samples. Sopanangkul
et al. (2002) reported that the sucrose diffusion coefficient in
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Fig. 1 aWater loss and b solid gain during HPI of jumbo squid samples
at different pressures: 0.1 MPa (black diamond), 100MPa (black square),
250 MPa (black triangle), and 400 MPa (black circle). Values are the
mean ± standard deviation of triplicate

Table 1 Diffusion coefficients of solids (Ds) and water (Dw) and at
different operating pressures

Pressure (MPa) Dw × 10
−9 (m2/s) Ds × 10

−9 (m2/s)

0.1 1.62 ± 0.11 a 14.18 ± 2.86 a

100 8.11 ± 0.28 c 36.47 ± 5.73 b

250 8.10 ± 0.55 c 31.07 ± 2.33 c

400 4.05 ± 0.21 b 20.26 ± 1.40 d

Different letters in the same column indicate significant differences (P <
0.05). All values are the mean ± standard deviation of triplicate
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potato cylinders increased significantly under high pressure.
Uribe et al. (2011) reported that the diffusion coefficients for
water and salt increased with temperature (75–95 °C) during
osmotic dehydration of jumbo squid samples. Nuñez-
Mancilla et al. (2011) working with simultaneous application
of high hydrostatic pressure during osmotic dehydration of
strawberries observed that diffusion coefficients for moisture
and soluble solids are improved by increasing the pressure
(200–400 MPa).

Diffusion coefficient values reported in literature have been
difficult to compare because of the different estimation
methods and models employed along with the variation in
food composition, physical structure, and processing condi-
tions (Azoubel and Murr 2004). As mentioned above, this
phenomenon could be explained by species diversity, process
temperatures and pressures, concentration of osmotic agent,
muscle orientation, fat content, and presence or absence of
skin, among other (Gallart-Jornet et al. 2007).

Mathematical Modeling of Experimental Curves

Several mathematical models were selected to simulate the
HPI process of jumbo squid. Table 2 shows the empirical
parameter values for each mathematical model of both MR
and SR. It can be seen that the parameter values for MR, k1
(Newton), k2 (Henderson-Pabis), and k3 (Page), presented a
clear tendency to decrease as pressure increased; however, the
a parameter (Henderson-Pabis) showed an opposite behavior
(P < 0.05). Weibull model and n parameter Page did not show
a clear pattern with respect to process (P < 0.05). Regarding
parameter values for solid transfer, most of the kinetic

parameters increased their values when pressure was in-
creased during osmotic dehydration; however, the n parameter
of Page and α parameter of Weibull did not show a clear
pattern with pressure, e.g., Newton (k1), Henderson-Pabis
(k2), and Page (k3). Parameters showed a clear growing ten-
dency with pressure (P < 0.05). That is why it may be assumed
that these empirical parameters would be directly proportional
at working pressure. In the literature, there is insufficient data
on mathematical modeling of osmotic dehydration of jumbo
squid during high hydrostatic pressure. Nevertheless, Nuñez-
Mancilla et al. (2011) presented similar results for osmotic
dehydration of strawberries under high pressure to apply the
Newton, Henderson-Pabis, and Page models on SR regarding
this study, while that moisture content showed opposite be-
havior. Uribe et al. (2011) reported that this model did not
show a clear pattern with respect to process temperature when
mathematical modeling was used to study the effect of process
temperature (85 and 95 °C) on moisture and salt mass transfer
during osmotic dehydration of jumbo squid. Pérez-Won et al.
(2016) found that Weibull parameters could be directly pro-
portional to brine osmotic concentration in the study simulta-
neous application of osmotic dehydration and high pressure as
a pretreatment to drying process on red abalone.

Statistical Analysis of Models

The results of statistical tests performed to the proposed
models are shown in Table 3; the value tests were in the range
of 0.0001–0.0009 for SSE, 0.0048–0.0312 for RMSE, and
0.0001–0.0011 for χ2 for moisture and in the range of
0.0037–0.2343 for SSE, 0.0173–0.4841 for RMSE, and

Table 2 Model parameters for moisture (MR) and solid (SR) transfer during HPI of jumbo squid at different pressures

Model Parameters Pressures (MPa)

0.1 100 250 400

Newton k1 MR 0.003 ± 0.000 a 0.015 ± 0.001 d 0.0106 ± 0.0019 c 0.008 ± 0.000 b

SR 0.047 ± 0.003 a 0.058 ± 0.012 ab 0.068 ± 0.004 b 0.097 ± 0.006 c

Henderson-Pabis k2 MR 0.003 ± 0.000 a 0.015 ± 0.001 d 0.0106 ± 0.0019 c 0.008 ± 0.000 b

SR 0.047 ± 0.003 a 0.058 ± 0.012 ab 0.068 ± 0.004 b 0.097 ± 0.006 c

A MR 0.998 ± 0.001 a 0.993 ± 0.001 c 0.995 ± 0.001 bc 0.997 ± 0.001 ab

SR 1.036 ± 0.013 a 1.041 ± 0.024 a 1.041 ± 0.024 a 1.044 ± 0.003 a

Page k3 MR 0.032 ± 0.001 ab 0.038 ± 0.000 b 0.035 ± 0.003 ab 0.025 ± 0.002 a

SR 0.148 ± 0.006 a 0.145 ± 0.023 a 0.205 ± 0.026 b 0.357 ± 0.006 c

n MR 0.865 ± 0.155 a 0.263 ± 0.054 b 0.136 ± 0.012 b 0.313 ± 0.022 b

SR 0.302 ± 0.004 ab 0.456 ± 0.018 c 0.329 ± 0.004 bc 0.163 ± 0.003 a

Weibull α MR 0.865 ± 0.155 a 0.263 ± 0.054 b 0.136 ± 0.012 b 0.313 ± 0.022 b

SR 0.302 ± 0.004 ab 0.456 ± 0.018 c 0.329 ± 0.004 bc 0.163 ± 0.003 a

β MR 62.625 ± 6.410 a 120.96 ± 8.844 b 752.76 ± 33.396 c 373.01 ± 26.341 d

SR 568.796 ± 126.545 a 70.387 ± 12.793 b 153.768 ± 6.939 b 583.381 ± 6.587 a

Different letters (a, b, c, d) in the same line indicate significant differences (P < 0.05). All values are the mean ± standard deviation of triplicate
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0.0045–0.1902 for χ2 for solids. From these results, the equa-
tion that described impregnation kinetics of jumbo squid data
due to the high values of R2 and less values of the SSE and χ2

was Weibull model for both components. Therefore, for good
fit, this mathematical model could be applied adequately for
predicting the high-pressure impregnation effects of jumbo
squid, which is necessary for design, optimization, and pro-
cess efficiency. FromFig. 2, a comparison to experimental and
estimated mass transfer profiles using the Weibull model can
be observed. In literature, similar results were reported by
other authors when simulating osmotic dehydration of straw-
berries, where the Weibull model gave the best goodness of fit
on the experimental data (Nuñez-Mancilla et al. 2011). Also,

the same Weibull model was the most suitable to describe the
mass transfer phenomena during osmotic dehydration of jum-
bo squid (Uribe et al. 2011); likewise, Corzo and Bracho
(2008) reported that Weibull model adequately predicted the
moisture and salt contents of sardine sheets during vacuum
pulse (10 min) osmotic dehydration at brine concentration
0.15–0.27 g NaCl/g and 30–38 °C. Cunha et al. (2001) found
that the Weibull model described the water loss kinetics in
apple during osmotic dehydration in sucrose solutions at five
levels for sucrose concentration (0.45 ± 0.65w/w) and temper-
ature (20 ± 40 °C).

Modification of Texture Induced by HHP

The TPA results are summarized in Table 4, where the effect
of high-pressure impregnation on the hardness, springiness,
cohesiveness, and chewiness parameters can be observed.
The hardness, springiness, cohesiveness, and chewiness
values of the control sample were 1977 ± 621, 0.70 ± 0.12,
0.58 ± 0.14, and 909 ± 435, respectively. In this case, hardness
indicates the firmness of jumbo squid sample, the cohesive-
ness indicates the stickiness, springiness indicates the elastic-
ity, and chewiness indicates the tenderness of the jumbo squid
muscle (Briones-Labarca et al. 2012). As to the experimental
values, these presented changes significantly in the hardness,
springiness, cohesiveness, and chewiness, showing a tenden-
cy to increase with increasing applied pressure (P < 0.05).

For hardness, smaller values were observed for the samples
pressurized at 250 MPa, and higher values were presented at
400 MPa. A similar behavior was described by Chéret et al.
(2005), who observed an increase proportional to the increase
in pressure, above 300MPa, allowing the hardness of fillets to
stay in a good range for consumers who reject soft fish flesh.
Also, Ashie and Simpson (1996) reported for bluefish samples
a direct tendency regarding texture under pressure from 100 to
300 MPa. Ma and Ledward (2004) informed that structural
alterations in the contractile myofibrillar proteins were the
main factor responsible for texture changes. Rastogi et al.
(2007) performed an experiment under a pressure range from
100 to 300 MPa. They established for this range pressure that
the changes are normally reversible, whereas higher pressures
normally are non-reversible. Lamballerie-Anton et al. (2002)
researched the lysosomes rupture at pressures around
200 MPa, promoting an increase in autolytic activity and ten-
derization of the meat.

The effect of high pressure on springiness, cohesiveness,
and chewiness was slight, where the samples treated at
400 MPa showed a tendency to increase these values.
Similar values were reported by Chéret et al. (2005) on sea
bass fillets (day 0), where the hardness increases with increas-
ing pressure from 100 to 500 MPa; however, these showed a
decrease to 200-MPa treatment, while cohesiveness and
springiness were almost constant, and chewiness decreased

Table 3 Statistical test performed for each mathematical model
regarding moisture loss and solid gain

Model Test Pressure (MPa)

0.1 100 250 400

Newton MR R2 0.9403 0.9077 0.9251 0.9063

SSE 0.0009 0.0003 0.0003 0.0004

RMSE 0.0312 0.0196 0.0182 0.0222

χ2 0.0011 0.0004 0.0004 0.0006

SR R2 0.8788 0.9452 0.9244 0.8909

SSE 0.0146 0.0210 0.0251 0.0418

RMSE 0.2211 0.2449 0.2585 0.2046

χ2 0.0479 0.0356 0.0507 0.0512

Henderson-Pabis MR R2 0.9403 0.9077 0.9251 0.9463

SSE 0.0008 0.0004 0.0002 0.0003

RMSE 0.0293 0.0205 0.0157 0.0199

χ2 0.0010 0.0005 0.0003 0.0004

SR R2 0.8788 0.9452 0.9244 0.8909

SSE 0.1556 0.0134 0.0184 0.0326

RMSE 0.3945 0.2160 0.1356 0.1806

χ2 0.1902 0.0164 0.0224 0.0398

Page MR R2 0.9295 0.9491 0.9077 0.9403

SSE 0.0007 0.0001 0.0002 0.0001

RMSE 0.0277 0.0116 0.0048 0.0119

χ2 0.0009 0.0001 0.0002 0.0001

SR R2 0.8284 0.9350 0.9616 0.9466

SSE 0.2343 0.0337 0.0223 0.0797

RMSE 0.4841 0.1937 0.1496 0.2824

χ2 0.0412 0.0414 0.0573 0.0874

Weibull MR R2 0.9295 0.9491 0.9077 0.9403

SSE 0.0007 0.0001 0.0002 0.0001

RMSE 0.0277 0.0116 0.0048 0.0119

χ2 0.0009 0.0001 0.0002 0.0001

SR R2 0.8284 0.9350 0.9616 0.9466

SSE 0.0299 0.0038 0.0037 0.0079

RMSE 0.0173 0.0184 0.0192 0.0282

χ2 0.0031 0.0046 0.0045 0.077
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from 100 to 300 MPa and increased after 400-MPa treatment.
Villacís et al. (2008) studied the HHP effect on turkey breast
muscles treated above 150 MPa. They measured hardness,
cohesiveness, and chewiness, where these values increased
with increasing pressure; similarly, Angsupanich and
Ledward (1998) reported that cod muscle (Gadus morhua)
showed an increase in springiness when they were submitted
to pressures of 400 and 600 MPa for 20 min. Yagiz et al.
(2007) looked into the effect of high pressure on rainbow
trout; in this case, the cohesiveness values were significantly
higher in samples subjected to pressures between 300 and
600 MPa. However, Ashie et al. (1997) reported that pressur-
ization at 100 MPa induced an increase in hardness (strength/
firmness) in bluefish muscle, whereas at higher pressures
(from 200 to 300 MPa), this parameter seemed to decrease.

In the case of carp muscle, Yoshioka and Yamamoto (1998)
observed a softening for all the studied pressure range (100–
500 MPa), with a minor increase in hardness by increasing
pressure. The effects of high pressure on fish texture ensue
from these modifications of the water bond, protease activity,
aggregation or gelation of myosin, and sarcoplasmic proteins
(Angsupanich and Ledward 1998).

Color Evolution

Table 5 shows the evolution of lightness (L*), red/green (a*),
and yellow/blue (b*) coordinates related to pressure and im-
pregnation time. The chromatic coordinate values for the con-
trol samples L*, a*, and b* were 74.82 ± 0.02, − 4.09 ± 0.02,
and 3.31 ± 0.05, respectively. L* values of jumbo squid
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Fig. 2 Comparison between
experimental and estimated
values. a Water loss and b solid
gain during HPI of jumbo squid
samples at different pressures:
0.1 MPa (black diamond),
100MPa (black square), 250MPa
(black triangle), and 400 MPa
(black circle)
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samples increased with increasing treatment pressure (P <
0.05). Samples treated at 100 MPa showed the lowest L*

values and treatment at 400 MPa resulted in the highest L*

values, which were significantly (P < 0.05) higher than

Table 4 Texture profile analysis
parameters of jumbo squid
samples treated by high-pressure
impregnation

Pressurization time (s) 0.1 MPa 100 MPa 250 MPa 400 MPa

Hardness (gf)

30 1928 ± 592 b 1227 ± 56 ab 879 ± 364 b 1502 ± 1479 ab

60 2329 ± 629 a 1857 ± 1001 c 1610 ± 632 b 2468 ± 365 a

90 2150 ± 300 a 1513 ± 250 b 689 ± 195 a 1676 ± 447 a

120 2126 ± 450 a 2347 ± 1861 a 1288 ± 295 b 2617 ± 689 a

150 2746 ± 142 a 1942 ± 673 b 808 ± 180 a 2032 ± 678 a

180 2589 ± 532 a 1723 ± 638 b 1674 ± 676 a 1930 ± 568 a

210 1592 ± 253 a 2285 ± 897 a 642 ± 152 a 2407 ± 1130 b

240 1379 ± 419 a 2453 ± 653 a 1211 ± 537 a 2904 ± 1152 b

270 1587 ± 227 a 1390 ± 578 b 1231 ± 559 a 1989 ± 615 a

300 1164 ± 148 a 1089 ± 734 a 953 ± 136 a 4123 ± 2004 b

Springiness (mm)

30 0.78 ± 0.10 a 0.66 ± 0.11 b 0.79 ± 0.07 b 0.71 ± 0.08 a

60 0.74 ± 0.05 a 0.76 ± 0.06 c 0.72 ± 0.07 b 0.81 ± 0.04 a

90 0.77 ± 0.09 a 0.70 ± 0.15 b 0.69 ± 0.13 b 0.82 ± 0.04 a

120 0.70 ± 0.05 a 0.55 ± 0.09 b 0.72 ± 0.06 a 0.78 ± 0.10 c

150 0.75 ± 0.07 a 0.75 ± 0.09 c 0.67 ± 0.06 b 0.77 ± 0.05 a

180 0.74 ± 0.03 a 0.53 ± 0.11 b 0.76 ± 0.05 c 0.79 ± 0.03 a

210 0.77 ± 0.06 a 0.82 ± 0.06 b 0.67 ± 0.12 b 0.73 ± 0.06 a

240 0.78 ± 0.05 a 0.85 ± 0.03 c 0.73 ± 0.13 b 0.82 ± 0.06 a

270 0.79 ± 0.05 a 0.63 ± 0.08 b 0.73 ± 0.06 b 0.80 ± 0.05 a

300 0.77 ± 0.04 a 0.75 ± 0.08 c 0.69 ± 0.05 b 0.80 ± 0.03 a

Cohesiveness

30 0.53 ± 0.06 a 0.68 ± 0.07 b 0.65 ± 0.14 b 0.52 ± 0.09 b

60 0.60 ± 0.06 a 0.52 ± 0.10 b 0.66 ± 0.16 bc 0.63 ± 0.09 c

90 0.46 ± 0.08 a 0.63 ± 0.08 c 0.45 ± 0.12 b 0.66 ± 0.07 bc

120 0.46 ± 0.07 a 0.37 ± 0.09 b 0.75 ± 0.10 d 0.59 ± 0.09 c

150 0.47 ± 0.05 a 0.48 ± 0.10 b 0.40 ± 0.07 b 0.65 ± 0.07 c

180 0.48 ± 0.04 a 0.31 ± 0.09 c 0.57 ± 0.06 c 0.68 ± 0.15 b

210 0.51 ± 0.11 a 0.67 ± 0.10 c 0.40 ± 0.09 b 0.67 ± 0.08 c

240 0.57 ± 0.06 a 0.68 ± 0.10 c 0.58 ± 0.17 b 0.70 ± 0.04 bc

270 0.60 ± 0.05 a 0.41 ± 0.10 b 0.59 ± 0.08 c 0.68 ± 0.08 c

300 0.53 ± 0.06 a 0.65 ± 0.07 c 0.50 ± 0.08 b 0.69 ± 0.09 bc

Chewiness (mm)

30 586 ± 116 a 1638 ± 354 c 329 ± 207 b 405 ± 213 ab

60 1524 ± 264 a 168 ± 65 b 304 ± 153 a 536 ± 279 a

90 869 ± 158 a 220 ± 181 b 197 ± 92 a 1290 ± 662 a

120 1026 ± 227 a 160 ± 79 b 240 ± 204 a 1286 ± 347 a

150 1482 ± 502 a 318 ± 88 b 223 ± 75 a 1210 ± 220 a

180 1137 ± 86 a 182 ± 87 b 480 ± 287 a 852 ± 273 a

210 514 ± 41 a 2098 ± 656 b 188 ± 51 ª 1376 ± 612 ª

240 1124 ± 66 a 1569 ± 478 b 356 ± 105 ª 1788 ± 653 ª

270 592 ± 61 a 249 ± 157 b 348 ± 148 ª 1247 ± 210 ª

300 638 ± 179 a 263 ± 133 b 278 ± 87 a 312 ± 91 a

Different letters (a, b, c, d) in the same row indicate significant differences (P < 0.05). All values are the mean ±
standard deviation of 10 values
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unpressurized samples. This might indicate that high-pressure
treatment produced a brighter and less transparent appearance
on jumbo squid tissue (Cruz-Romero et al. 2007). The protein
coagulation changes sample surface properties, increases light

reflection, and results in white color (Kruk et al. 2011). The
muscle has an appearance as cooked, and this effect was ac-
centuated with an increase in pressure. The increase in light-
ness of samples by higher pressures was might be due to

Table 5 Effect of high
hydrostatic pressure to different
time conditions on color (ΔE)
and chromatic coordinates L*, a*,
and b* of fresh and pressurized
jumbo squid samples

Pressurization
time

Pressure
(MPa)

Chromatic coordinates

L* a* b* ΔE

30 s 0.1 63.18 ± 0.13 a − 4.76 ± 0.05 a − 1.86 ± 0.25 a 12.75 ± 0.15 a

100 63.79 ± 0.14 b − 4.22 ± 0.06 c 0.09 ± 0.01 c 1.96 ± 0.10 c

250 63.86 ± 0.16 b − 4.35 ± 0.01 b − 1.98 ± 0.02 a 1.69 ± 0.11 d

400 69.05 ± 0.08 c − 4.78 ± 0.02 a − 4.54 ± 0.10 b 4.70 ± 0.07 b

60 s 0.1 67.39 ± 0.30 a − 5.24 ± 0.15 a − 0.53 ± 0.04 a 8.02 ± 0.15 a

100 62.73 ± 0.42 b − 4.55 ± 0.05 c 1.30 ± 0.01 c 2.57 ± 0.01 d

250 67.58 ± 0.14 a − 4.69 ± 0.02 bc − 0.17 ± 0.08 a 5.08 ± 0.15 c

400 70.98 ± 0.66 c − 4.79 ± 0.03 b − 4.05 ± 0.39 b 5.75 ± 0.29 b

90 s 0.1 65.98 ± 0.32 a − 4.97 ± 0.03 a − 1.41 ± 0.10 a 10.96 ± 0.33 a

100 63.64 ± 0.12 c − 4.52 ± 0.04 c 3.34 ± 0.28 c 4.68 ± 0.24 c

250 64.91 ± 0.24 b − 4.53 ± 0.05 c − 1.25 ± 0.06 a 2.38 ± 0.23 d

400 71.16 ± 0.12 d − 4.83 ± 0.03 b − 3.26 ± 0.07 b 5.47 ± 0.07 b

120 s 0.1 62.58 ± 0.16 a − 4.97 ± 0.02 a − 1.26 ± 0.04 a 13.09 ± 0.16 a

100 64.79 ± 0.12 b − 4.35 ± 0.02 c 0.90 ± 0.05 d 3.11 ± 0.10 d

250 66.64 ± 0.13 c − 4.48 ± 0.10 b − 0.75 ± 0.04 c 4.10 ± 0.14 c

400 72.02 ± 0.17 d − 4.99 ± 0.02 a − 3.90 ± 0.22 b 6.55 ± 0.04 b

150 s 0.1 65.41 ± 0.14 a − 4.80 ± 0.05 a − 0.22 ± 0.02 a 9.93 ± 0.13 a

100 64.32 ± 0.10 b − 4.25 ± 0.03 d 1.37 ± 0.07 c 3.20 ± 0.09 d

250 66.90 ± 0.50 c − 4.39 ± 0.08 c − 2.81 ± 0.28 b 4.65 ± 0.38 c

400 71.42 ± 0.06 d − 5.29 ± 0.05 b − 2.93 ± 0.28 b 5.62 ± 0.13 b

180 s 0.1 66.01 ± 0.67 a − 4.84 ± 0.06 a − 1.07 ± 0.07 a 9.87 ± 0.58 a

100 61.50 ± 0.60 b − 4.20 ± 0.06 c 1.43 ± 0.04 d 3.04 ± 0.20 d

250 66.25 ± 0.25 a − 4.65 ± 0.02 b − 1.94 ± 0.07 b 3.74 ± 0.24 c

400 72.14 ± 0.34 c − 4.78 ± 0.03 a − 3.75 ± 0.04 c 6.56 ± 0.29 b

210 s 0.1 68.56 ± 0.80 a − 4.53 ± 0.05 a − 2.02 ± 0.06 a 8.24 ± 0.64 a

100 65.33 ± 0.47 c − 3.90 ± 0.02 d 0.75 ± 0.03 d 3.56 ± 0.39 d

250 67.36 ± 0.37 b − 4.34 ± 0.08 c − 1.03 ± 0.01 c 4.80 ± 0.38 c

400 72.27 ± 0.06 d − 4.98 ± 0.03 b − 3.37 ± 0.13 b 6.53 ± 0.03 b

240 s 0.1 65.32 ± 0.30 a − 4.88 ± 0.04 a − 2.28 ± 0.06 a 11.05 ± 0.23 a

100 66.69 ± 0.37 b − 4.23 ± 0.01 d 0.46 ± 0.02 d 4.48 ± 0.33 c

250 66.94 ± 0.32 b − 4.31 ± 0.03 c − 1.34 ± 0.15 c 4.40 ± 0.32 c

400 73.29 ± 0.15 c − 4.82 ± 0.02 b − 2.64 ± 0.08 b 7.23 ± 0.15 b

270 s 0.1 63.49 ± 0.65 a − 4.82 ± 0.10 a − 1.96 ± 0.11 a 12.52 ± 0.58 a

100 62.76 ± 0.20 a − 4.41 ± 0.05 c 0.33 ± 0.02 d 1.70 ± 0.04 c

250 68.49 ± 1.26 b − 4.01 ± 0.05 d − 0.78 ± 0.03 c 6.08 ± 1.21 b

400 72.47 ± 0.08 c − 5.2 ± 0.05 b − 2.69 ± 0.07 b 6.50 ± 0.06 b

300 s 0.1 64.31 ± 0.23 a − 4.72 ± 0.05 a − 2.30 ± 0.15 a 11.93 ± 0.28 a

100 66.56 ± 0.31 b − 4.23 ± 0.06 d 1.04 ± 0.03 d 4.62 ± 0.26 d

250 68.49 ± 0.37 c − 4.39 ± 0.03 c − 2.62 ± 0.11 b 6.09 ± 0.35 c

400 73.85 ± 0.21 d − 4.60 ± 0.03 b − 1.98 ± 0.19 c 7.63 ± 0.24 b

Different letters (a, b, c, d) in the same column indicate significant differences (P < 0.05). All values are the mean
± standard deviation of triplicate
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protein coagulation and loss of active pigments. These results
were similar to those observed in turbot fillets (Chevalier et al.
2001) and oysters (Cruz-Romero et al. 2004).

The a* values for samples decreased with increasing pressure.
Significant changes in a* values of samples for all pressure treat-
ments applied (P < 0.05) were found. These changes may be
linked to denaturation of the myofibrillar and sarcoplasmic pro-
teins (Ma and Ledward 2004). Angsupanich and Ledward
(1998) reported similar changes in color for cod treated at 100–
200 MPa, where myosin was denatured under these pressures.
Furthermore, Chéret et al. (2005) and Cruz-Romero et al. (2004)
found similar values in HP-treated sea bass fillets and HP-treated
oysters, respectively. The yellow/blue color indicator (b*)
showed the highest values in samples treated at 100 MPa, while
samples treated at 400 MPa obtained the lowest values (P <
0.05). In addition, ΔE values of samples are a good indicator
of progressive changes in color of treated samples by high hy-
drostatic pressure. Statistical analysis of the ΔE values, as indi-
cator of total color difference, showed that there were significant
increases (P < 0.05) with increasing treatment pressure 100 to
400 MPa; however, these values were lower at 0.1-MPa values.
Lipid oxidation is one cause of color loss in fish products due to
degradation of highly unsaturated carotenoids such as
astaxanthin, one of the major pigments in shellfish and fish prod-
ucts. Cruz-Romero et al. (2007) reported thatΔE values of 3.0–
6.0, 6.0–12.0, and > 12 correspond to very distinctive, strong,
and very strong differences, and according to this scale, high-
pressure-treated samples exhibit very distinct while than unpres-
surized very strong color differences.

Conclusion

This investigation demonstrated that application of high hydro-
static pressure from 100 to 400 MPa influences the mass trans-
fer phenomena during osmotic dehydration of jumbo squid
immersed in saline solution. The HPI treatment enhanced the
water and salt diffusion coefficients in comparison to
unpressurised samples (0.1 MPa); specifically, pressurized
samples showed a twofold increase in salt diffusion coefficient.
According to the statistical analysis, the model that best de-
scribes the experimental impregnation kinetics was Weibull
model due to the presentation of the best-fit statistical tests
performed. Thus, this model may be applied to simulate the
mass transfer during HPI of jumbo squid. HPI treatment influ-
enced quality of jumbo squid in term of hardness, springiness,
cohesiveness, and chewiness of the samples; these parameters
were affected by applied pressure level. Pressure at 250 MPa
showed a minimum hardness while for springiness, cohesive-
ness, and chewiness treatments of 100, 250, and 400 MPa pre-
sented statistical differences regarding unpressurized samples.
The same happened for color results, where changes were also
observed in chromatic coordinates due to increasing pressure

that led to a noticeable modification of surface sample, giving
cooked appearance. Finally, the results present here provide
further support for the potential of hydrostatic pressure appli-
cation as a novel and promising impregnation technique that
can be used to improve food sensory acceptance, enhancing
product quality and reducing process times.
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