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Washed ground muscle of blue whiting was comminuted at low ionic strength and low temperature,
and the batter was subjected to different pressure/heat processings. The functionality induced in
the combined processed gels was evaluated by water holding and several rheological and fracture
properties and compared to that obtained for traditional heat-induced gel. Ultrastructure was viewed
by scanning electron microscopy. Protein denaturation was assessed by differential scanning
calorimetry (DSC), and the thermal behavior of pressurized gels revealed that pressure and
temperature were interdependent. At nondenaturing temperatures, the higher the pressure, the
larger was the protein unfolding effect. At denaturing temperatures, pressure prevented fish protein
from subsequent thermal denaturation. DSC demonstrated that pressurized samples underwent
both types of pressure effects at the same time. It transmitted a mixed character to the pressure-
induced gels, which displayed a rheological behavior intermediate between cold-set and heat-set
gels.
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INTRODUCTION

Gelation of muscle-based foods has traditionally been
considered as a thermally induced process until it was
shown that high-pressure treatments can contribute to
protein gel networking. In general, high-pressure/low-
temperature treatments of washed fish mince yield gels
that are softer and more elastic than gels obtained by
traditional heating at atmospheric pressure (Okamoto
et al., 1990; Chung et al., 1994; Carlez et al., 1995;
Pérez-Mateos and Montero, 1997). Some authors (Ko
et al., 1990; Ishikawa et al., 1991) have reported
advantages of using hydrostatic pressurization and
heating combinations for gelling washed sardine meat
pastes, specifically those with low gel-forming ability
(Pérez-Mateos and Montero, 1997). In some fish species
such as blue whiting, heat-induced gelation at atmo-
spheric pressure is normally carried out in two steps
(Niwa, 1992): the batter (sol) is treated at 37 °C for 30
min, or at a lower temperature for a longer time (4-7
°C overnight), so that it sets into an elastic and
translucent gel (suwari). This gel is further heated to
>80 °C to produce a stable gel (kamaboko), which is
stronger, more opaque, and more elastic than the gel
produced in the case of single-step heating.

Gelling is a complex process that starts with the
conditioning of the proteins involved through introduc-
tion of certain conformational changes (protein unfold-
ing) in their structure. Iso et al. (1994) reported that
carp meat pressurization at 200 MPa and 0-5 °C for

13 h produced a denaturation mechanism similar to that
produced by heating alone at 90 °C. However, the real
conclusion of their work was that both kinds of treat-
ments were similar in terms of energetics. Ko et al.
(1990) observed Mg-ATPase activity in sardine acto-
myosin after pressure treatments and concluded that
pressure-induced protein denaturation is very different
from thermal denaturation. Fernández-Martı́n et al.
(1997) have recently reported that final denaturing
effects in pressure/heat processing of pork meat batters
were pressure-temperature interdependent: pressure,
depending on the level, produced major protein dena-
turation when applied at nondenaturing temperatures;
conversely, pressure prevented subsequent protein ther-
mal denaturation at denaturing temperatures. This
kind of complex behavior is known to be a consequence
of the elliptic form that the typical pressure-tempera-
ture phase diagram of a protein presents. In cor-
respondence to this high-pressure denaturation there
exists a low pressure that will also cause protein
denaturation at the same temperature. This is similar
to the two corresponding temperatures for the thermal
denaturation at a given pressure, that is, cold and heat
denaturations.

The chief aim of this work was to ascertain the
differences that combined pressure/heat gelling pro-
cesses may make to blue whiting washed mince by
tracking its thermal response in the course of processing
using differential scanning calorimetry (DSC). The
functionality induced in the gels was assessed by
determining their water-binding capacity and various
different textural attributes derived from both subjec-
tive and objective mechanical tests. Ultrastructural
aspects were also dealt with to seek any link between
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structure and gel-inducing method. On the basis of
previous experience (Pérez-Mateos et al., 1997), two
pressure/heat combinations will be studied: 200 MPa
at 7 °C for 10 min and 375 MPa at 37 °C for 20 min.
The two corresponding thermal samples at 7 and 37 °C
were prepared and used for comparative purposes. A
heat-induced gel produced by a two-step process (37 °C/
30 min followed by 90 °C/50 min) was chosen as the
traditional, stable product for reference.

MATERIALS AND METHODS

Washed Mince. Blue whiting (Micromesistius poutassou
Risso) was caught off the Cantabrian coast in May 1997.
Average size was 20.8 ( 1.0 cm and average weight 78.0 (
8.5 g. Fish were headed, gutted, and washed. Skin and bones
were removed with a deboning machine (Baader 694, Lübeck,
Germany). Muscle was ground (3 mm o.d.) and washed in
0.2% NaCl solution at ∼3 °C (solution/muscle ) 3:1) with
constant stirring for 10 min, and after decanting, excess water
was removed by a screw press (Baader 523). The washed
mince, with 4% sorbitol and 0.2% tripolyphosphate (TPP)
added as cryoprotectants, was immediately vacuum-packed in
bags (Cryovac BB-1, Barcelona, Spain) and frozen to -30 °C
in a plate freezer (Saabroe SMC, Denmark). The bags were
stored at -80 °C in a vertical freezer cabinet (Revco ULT,
Revco Scientific Inc., Asheville, NC) to minimize alteration
during frozen storage. Main constituents were analyzed
according to AOAC (1984) procedures; crude fat was analyzed
according to the method of Bligh and Dyer (1959). Protein
functionality was assessed by soluble protein content, viscosity,
and water-holding capacity (WHC). Protein solubility was
determined according to the method of Ironside and Love
(1958): Washed mince was homogenized in 5% NaCl solution
for 1 min at high speed (position 7; Omnimixer, Ivan Sorvall
Inc., Norwalk, CT) and centrifuged for 30 min at 0-5 °C and
3000g (Sorvall RT6000B, DuPont Co., Wilmington, DE).
Supernatant was precipitated by addition of 60% trichloro-
acetic acid and centrifuging at 3000g for 15 min. Soluble
protein was determined in duplicate by using the Kjeldahl
method in the pellet. Apparent viscosity was determined in
triplicate on a homogenate (mince/water ) 1:4) at 3-5 °C by
a Brookfield-LV viscometer (Brookfield Engineering NABS,
Stoughton, MA) following 3 min with the rotor at 12 rpm
(Borderı́as et al., 1985).

Connective proteins (∼1.6% total protein, essentially col-
lagen) were obtained after washed mince protein solubilization
by successive treatments with dilute NaCl solutions (Borderias
and Montero, 1985).

Batter Preparation. Frozen washed mince (1 month old)
was semithawed and placed in a refrigerated (<10 °C) vacuum
homogenizer (Stephan UM5, Stephan u. Söhne GmbH & Co.,
Germany) and ground for 1 min at ∼3000 rpm (start II
position). Sodium chloride (1% w/w) and crushed ice to give
the required final moisture (80%) were added, and homogeni-
zation was then restarted at ∼1500 rpm (start I) in a vacuum
for 6 min. The resulting batters were stuffed into cases
(Krehalon Soplaril, Barcelona, Spain) of 40 µm thickness and
3.5 cm diameter and processed.

Gel Preparation. High-Pressure/Heat Combinations.
Filled casings were placed in the vessel (containing watersas
pressure transmittersthermostated at the processing tem-
perature) of a high-pressure pilot unit (ACB 665, Gec Alsthom,
Nantes, France) and subjected to either of two pressure/
temperature/time combinations: (L, 200 MPa/7 °C/10 min; H,
375 MPa/ 37 °C/20 min).

Thermal Processes. The treatments by immersion in a
water bath were as follows: S1, 7 °C/10 min; and S2, 37 °C/20
min, as the temperature-time combinations used in pres-
surization L and H; cooking T (37 °C/30 min + 90 °C/50 min)
and its first step T1 (37 °C/30 min). All of the samples were
cooled immediately after processing and stored in a cold room
at ∼4 °C for immediate analysis (“fresh” samples hereinafter).

All of them except T1 were analyzed again after 24 h of holding
in the cold room (“aged” samples). In summary, S2 and T1
constituted setting processes yielding the respective suwari
S2 and T1 gels. Aging (4 °C/24 h) was an additional setting
process for the corresponding samples, S1 aged sample thus
being suwari S1 gel. T, the reference two-step heating
treatment, was a cooking-after-setting process.

DSC. A Perkin-Elmer differential scanning calorimeter
DSC7 (Norwalk, CT) was used, previously calibrated for
temperature (melting points of gallium and benzoic acid) and
energy (indium fusion enthalpy). Samples of ∼15 mg ((0.002
mg) weighed by an electronic balance Perkin-Elmer AD4 were
capsulated in aluminum pans and hermetically sealed. Four
to six samples of each class were scanned from 5 to 90 °C at
10 °C/min under dry nitrogen purge of 30 mL/min, and a
second heating was scanned to check that all proteins had
already been irreversibly denatured in the first. After DSC
evaluation, every capsule (with pinhole in the cover) was
heated to 105 °C for dry matter determination. Temperatures
(t, °C) and enthalpies (∆H, J/g), integrated as outlined in
Figure 1A but with the baseline smoothed to a third-degree
polynomial, were determined to better than 0.8 °C and 8%,
respectively.

WHC. According to Montero and Gómez-Guillén (1996),
∼1.5 g of sample was placed in a centrifuge tube along with
two Gilson Pipetman dried pipet filters and centrifuged
(Sorvall RT6000B) at 4000g for 15 min at ambient tempera-
ture. WHC was expressed as water retained per 100 g of water
present in the sample prior to centrifuging. All determinations
were carried out in triplicate.

Textural Assessment. Samples (3.5 cm o.d.) were re-
moved from their casings, cut into pieces (3 mm or 3 cm
height), and tempered at 20 °C for analysis. Samples were
put through (at least in quadruplicate) a subjective folding test,
and several objective determinations (Bourne, 1982) were
performed with an Instron 4501 (Instron Engineering Corp.,
Canton, MA).

Folding Test. This test, the only one using 3 mm slices, was
carried out according to the method of Suzuki (1981) to score
samples from 1 (crumbling) to 5 (no cracking when folded into
quadrants).

Penetration Test. The samples were penetrated to breaking
point with a round-ended stainless steel cylindrical plunger
(5 mm o.d.) connected to a 100 N load cell, at a cross-head
speed of 10 mm/min. Breaking force (BF, N), breaking
deformation (BD, mm), and work of penetration (WP, J) were
determined from the corresponding force-deformation curves.

Stress/Relaxation Test. This test was carried out with a flat-
headed cylindrical stainless steel plunger (58 mm o.d.) con-
nected to a 5 kN load cell. A constant deformation rate of 50
mm/min was applied in uniaxial compression up to 60%
sample deformation (cracking avoided), and the reaction force
was then recorded for 1 min. Relative relaxation was calcu-

Figure 1. DSC traces of materials and products: A, washed
mince (dotted line, baseline construction); B, collagen; C,
preground batter; D, comminuted batter; E, gel T1; F, gel T.
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lated by Y ) (Fo - Fe)/Fo as a function of the forces registered
at the onset (Fo) and the end (Fe) of the relaxation period. E )
100 - (Y/100) was taken as an elasticity index (%).

Texture Profile Analysis (TPA). The samples were com-
pressed in the same conditions as before but in two uninter-
rupted cycles (Bourne, 1982). The parameters read off the
TPA curves were hardness (Hd, N) as the maximum force in
the first compression, adhesiveness (Ad, kJ) as the work
needed to bring the cross-head to its initial position for the
second compression (negative area of the force-deformation
diagram between compression cycles), and cohesiveness (Ch,
dimensionless) as the positive areas ratio of second to first
compression.

Scanning Electron Microscopy (SEM). Cubes of 2-3
mm sides were cut from inside the gels, fixed by 2% glutaral-
dehyde in phosphate buffer (pH 7.3), and dehydrated in
increasing concentrations of acetone (from 40 to 100%). The
samples were then critical-point dried with CO2 as transition
fluid in a dryer (Balzer, CPD030, Liechtenstein), mounted on
copper sample holders, and sputter-coated with gold in a
metallizer (Balzer, SCD004). Samples were kept in a dryer
until examination at 20 kV (JEOL, JSC 6400, Japan).

Statistical Analysis. One-way analysis of variance was
carried out using the Statgraphics package (STSC Inc., Rock-
ville, MD). Differences between means of pairs were resolved
by an LSD range test. Significance level was P < 0.05.

RESULTS

Washed Mince and Batter Characterization.
The main composition of the washed mince 13.3 ( 0.2
protein, 0.40 ( 0.04 fat, 0.65 ( 0.03 ash, and 80.3 ( 0.3
water (data in percent) plus 4.2% cryoprotectant. The
original protein functionality was considered good ac-
cording to the results: 6.133 ( 67 cP viscosity; 33.8 (
0.4% soluble protein; 76.6 ( 1.1% WHC.

Figure 1A shows the DSC trace of the recently frozen
washed mince as a typical curve of myofibrillar fish
muscle proteins depleted of sarcoplasmic and stroma
components. It consisted of two zones of sharp endot-
hermal effects separated by a mark around 60 °C: the
first zone (I) presented a main peak at 46.5 °C of
maximum temperature between two small, less defined
events at about 36.5 and 56.1 °C; the second zone (II)
presented a single large peak at 74.7 °C. The DSC trace
extended throughout the 22.5-81 °C temperature in-
terval, although a minor effect was also visible ∼88 °C,
and the associated enthalpy, 18.4 J/g (referred herein-
after to protein content), was roughly distributed 74:26
in both zones. Figure 1B shows the typical DSC trace
of connective protein extract, which consisted of a single
broad transition at 45.5 °C maximum temperature
(moisture > 70%; otherwise, two transitions appeared
at ∼35 and 48.5 °C) with a melting enthalpy of 23.1 J/g.
Figure 1C reflects the first stage (pregrinding) of batter
preparation, which induced minor changes in the profile
and a small reduction in enthalpy (7%). The second
stage (comminuting and salt blending) introduced major
changes (Figure 1D) as evidenced by the diffuse profile
of the peaks and some protein destabilization, mainly
in zone I with 3-5.5 °C downward temperature shifting,
and much lower in zone II (<1 °C). There was a major
reduction of enthalpy change, ∼16% (15.6 J/g), but the
distribution between zones remained unaltered.

Thermal Behavior of Processed Products. Fig-
ure 1E shows the thermal behavior of batter treated at
37 °C for 30 min (first cooking step, sample T1).
Important changes occurred in zone I (mainly the first
half), while II was unaltered: the lower integration
temperature increased (30 °C) and the enthalpy change

decreased ∼37% (6.8 J/g) with respect to the batter, with
a new distribution of 52:48. The second cooking step
at 90 °C for 50 min (sample T) produced complete
denaturation (DSC rescan superposing) of the protein
matrix as shown in the DSC “flat” response of Figure
1F, where the only noticeable event was a slope change
at ∼45 °C.

When batter was subjected to high-pressure/heat
combinations, the resulting products exhibited the
thermal patterns shown in Figures 2 and 3. These
present (more sensitively) the corresponding sample
DSC curves after baseline subtraction. Sample S1 (7
°C/10 min) is shown in Figure 2A (similar to Figure
1D): transition temperatures at about 34, 45, and 51
°C in zone I, and about 75 °C in zone II, with associated
enthalpy of 15.8 J/g distributed 74:26. Product pro-
cessed by combination L (200 MPa/7 °C/10 min) pre-
sented the same transition temperatures as S1 (Figure
2B), but there was a large reduction in areas below the
peaks at about 45 and 75 °C (∆H ) 10.8 J/g), followed
by a new distribution between zones (81:19). Product
processed by combination H (375 MPa/37 °C/20 min)
showed a DSC profile (Figure 3B) resembling the first
zone of sample L in both shape and size, especially in
the main transition at ∼45 °C; however, the major
difference was found in the total absence of response in
zone II, with a decrease in enthalpy change of ∼33%
with respect to the lower pressurized sample L (8.4 J/g).

Figure 2. DSC curves of products processed at 10 °C: A,
suwari S1; B, pressure/heat-induced gel L; C, differential curve
(gel L - suwari S1).

Figure 3. DSC curves of products processed at 37 °C: A,
suwari S2; B, pressure/heat-induced gel H; C, differential curve
(gel H - suwari S2); D, differential curve (gel H - suwari S1).
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Figure 3A shows the DSC trace of sample S2, the batter
heated alone in the same thermal treatment (37 °C/20
min) as sample H. This was very similar in profile to
Figure 1E (peaks at 45 and 51 °C), but the associated
enthalpy was naturally somewhat higher (7.3 J/g).

Aging for 24 h in the cold room yielded small increases
(<10%) in DSC trace and area. The greatest changes
occurred in S1 and both pressurized products L and H.

Gel Functionality. WHC was quite high in all
cases, as shown in Table 1; the significantly lowest value
was found in heat-induced gel T. The rest of the data
were not significantly different.

All of the samples, either freshly prepared or after 4
°C/24 h aging, scored maximum values in the folding
test except S1-fresh, which scored the minimum. The
samples were more sensitive to the elasticity index E
(Table 2) but S1-fresh was unsuitable for evaluation;
gels H and L yielded the significantly highest and lowest
values, respectively. Aging reduced E significantly in
all samples except in gel T, which remained practically
unaltered with a medium score. Gel S1 was the
significantly highest in E, but the others in the series
maintained the same order as in fresh samples.

Table 3 shows data obtained in penetration tests. Gel
T required the significantly highest breaking force (BF)
to yield the significantly lowest breaking deformation
(BD), in contrast to gel L, for which the opposite was
true. The behavior of gel H was intermediate between
gels T and S2 for both parameters. Aging produced
minor increases of BF values except in pressurized gels,
for which these values were high, particularly in gel L
which required the significantly highest BF. Gel H
remained intermediate between gels T and S2. Thermal
gels S2 and S1 gave the lowest BF values. Aging, on
the other hand, did not alter the relative behavior of
deformation BD in gels. With regard to work of
penetration (WP), the situation was much more com-
plex: in general, thermal gels S2 and T exhibited the
significantly highest values when fresh but the lowest
(S1 the last) when aged. The behavior of gel T was
intermediate in both kinds of sample. Pressurized gel
L gave the significantly highest score, followed by (not
significantly different) gels H and T.

Regarding TPA parameters (Table 4), the general
behavior was the same in both fresh and aged samples;
variations were not significant in thermal gels but were
so in pressurized gels. In hardness (Hd) and adhesive-
ness (Ad) evaluations, gel T gave the significantly

highest scores, whereas the other thermal gels (S2 and
S1) generally gave the significantly lowest values.
Again, pressurized gels were more prone to aging than
any other and gel H was once more close to thermal gels
S2 or T. With respect to cohesiveness (Ch), gel T gave
the second lowest values (after gels H-fresh and S1-
aged, respectively), whereas gel L gave the significantly
highest value followed by gel S2 in both kinds of sample.

Microscopy. SEM micrographs at ×1000 magnifica-
tions of gels L, H, and T are shown in Figure 4A-C,
respectively.

DISCUSSION

Thermal Properties. The DSC zone I of blue
whiting washed mince, either recently prepared or
thawed after frozen storage (Figure 1C), reflects the
thermal denaturation of myosin and collagen (plus
minor connective proteins). Myosin thermal denatur-
ation is known to occur on several structural domains
capable of undergoing independent cooperative transi-
tions (Privalov, 1982), depending on biological source
(animal, species) and experimental environment (pH,
ionic strength). In Figure 2A, the following transitions
are assigned to myosin: (subfragment S1) at 33.5 °C
(shoulder ∼29 °C) and (rod) at 44.5 °C (Figure 2C) and
51 °C. Transition at 44.5 °C was also due to collagen
(Figure 1B). Zone II reflects the thermal response of
actin at 74.7 °C, which may also be responsible for the
minor event at the highest temperatures (F-actin).
Thermal results were difficult to compare given the
scarcity of precedents concerning other fish species in
the literature (Hastings et al., 1985; Poulter et al., 1985;
Davies et al., 1988; Park and Lanier, 1989; Howell et
al., 1991; Paredi et al., 1994). In general, temperatures
and enthalpies were more similar to those reported for
hake (Beas et al., 1990, 1991), possibly because of
similarities in fish habits and environments.

Despite 0.2% TPP (sorbitol cryoprotecting fortifier but
also NaCl replacer for actomyosin dissociation; Tokuna-
ga and Nishicka, 1987), the low salt concentration (<0.2
M) produced only a moderate instability effect, which
has also been reported in other fish species, for example,
tilapia (tropical waters) by Park and Lanier (1989) or
cod (cold marine waters) by Hastings et al. (1985) and
Davies et al. (1994). The DSC profile in Figure 2A
illustrates the suitability of a two-step cooking process
for washed blue whiting muscle comminuted at low ionic
strength, for example, heating at ∼40 °C followed by
heating at >80 °C.

Pressurized gels underwent some hysteresis after
aging; protein denaturation by pressure may be revers-
ible to some extent (Mozhaev et al., 1996) in opposition
to the irreversible thermal denaturation (gel T). Both
pressurized gels exhibited a similar thermal pattern at
zone I, related to myosin and collagen (Figures 2B and
3B). The transition with midpoint ∼45 °C corresponded
partially to collagen (which would remain unaltered
since its hydrogen-bonded helical structure would be
strengthened by pressure), but mainly to myosin. In
fact, the partial areas below the 45 °C peak amounted
to roughly 2.5 J in the two DSC traces of samples L and
H, a much higher figure than had been estimated (0.4
J) as the contribution of the collagen content (∼0.2%)
of the gels. With regard to the actin component, both
combinations promoted dissociation (F-actin disap-
peared; Ikeuchi et al., 1992) and denaturation (partial

Table 1. WHC (Percent) of Gels, Aged (4 °C/24 h)
Samplesa

S1 L S2 H T

89.5a 90.2a 91.9a 90.9a 82.6b

a S1 (7 °C/10 min); L (200 MPa/7 °C/10 min); S2 (37 °C/20 min);
H (375 MPa/37 °C/20 min); T (37 °C/30 min + 90 °C/50 min).
Different superscript letters indicate significant differences (P <
0.05).

Table 2. Elasticity Index (E, Percent) of Fresh and Aged
(4 °C/24 h) Samplesa

S1 L S2 H T

fresh aged fresh aged fresh aged fresh aged fresh aged

- 58a 38b 34c 42d 38be 53f 49g 39eh 40h

a S1 (7 °C/10 min); L (200 MPa/7 °C/10 min); S2 (37 °C/20 min);
H (375 MPa/37 °C/20 min); T (37 °C/30 min + 90 °C/50 min).
Different superscript letters indicate significant differences (P <
0.05).
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at the lower pressure but total at the higher level).
Interesting analyses emerged from comparisons be-
tween pressurized gels L and H and the corresponding
thermal gels S1 and S2 (Figures 2C and 3C, respec-
tively). Downward-plotted curve domains had a nega-
tive sign and represented the protein denaturing effect
of pressure/heat processing over the thermal-only treat-
ment. Conversely, upward domains had a positive sign
and represented the effect of preserving protein dena-
turation over the corresponding thermal-only treatment.
At 7 °C, a nondenaturing temperature for the batter
proteins (Figure 2A), 200 MPa hydrostatic pressure
caused partial denaturation at both zones I and II
(Figure 2C), specifically on the 45 °C transition domain
of myosin rod and on actin. At 37 °C, a temperature
that is partially denaturing in myosin and collagen but
nondenaturing in actin (Figure 3A), 375 MPa hydro-
static pressure successfully protected both myosin and
collagen from subsequent thermal denaturation but
produced complete denaturation of actin (Figure 3C).
The net denaturing effect of combination H over the
initial batter is depicted in Figure 3D, in which myosin
unfolding is slightly greater (at the extreme transitions)
and better outlined (transitions at ∼35, 45, and 51 °C)
than in combination L (Figure 2C).

These data confirm previous results on pork meat
batters (Fernández-Martı́n et al., 1997). These authors
explained the antagonistic effects that mechanical- and
thermal-driving forces may originate with regard to
protein denaturation in these types of pressure/heat
processing, where pressure is applied (uniformly and
instantaneously transmitted) at a certain temperature
(anisotropically and slowly succeeding).

Mechanical Properties. Suwari S1 gel obtained by
(endogenous transglutaminase-induced) cold setting (4
°C/24 h) of S1-fresh (7 °C/10 min) was an entirely
different product in that proteins did not undergo
thermal unfolding, yielding the lowest scores in pen-
etration parameters, Hd and Ch, as well as the maxi-
mum elasticity E. According to Hermansson et al.
(1986), bovine myosin in solution at 4 °C may undergo
cold gelation at certain pH values and ionic strengths,
yielding a structure of fine strands made up of myosin
filaments formed during low-temperature incubation.
Sompongse et al. (1996) concluded that during ice
storage carp actomyosin underwent disulfide bonding
with formation of myosin heavy chain dimers by oxida-

tion of SH groups on myosin rods. Niwa et al. (1992),
Montero and Gómez-Guillén (1996), and Montero et al.
(1997), reported that hydrogen bonds seem to play some
role in the stabilization of the network structure of
cooled fish washed mince gels.

Suwari S2 gel (37 °C/20 min) exhibited partial dena-
turation of myosin and rheological behavior intermedi-
ate between those of pressurized L and H aged gels. This
kind of elastic gel has been described by Roussel and
Cheftel (1990) in the case of sardine surimi at 37 °C/30
min. The setting produced intermolecular SH/SS ex-
change, calcium-protein electrostatic attractions, and
hydrophobic interactions. According to these authors
the gel network was mainly due to cross-linking of
myosin heavy chains that have been wholly solubilized
and probably unfolded in the presence of NaCl. It seems
(Figures 1E and 3A versus Figure 2A) that unfolding
was partial and thermal because some myosin molecular
domains are already sensitive to this temperature.

Gel T, obtained by partial thermal denaturation of
myosin and collagen in the first step T1 (Figure 1E)
followed by denaturation of the total protein matrix in
the second (Figure 1F; glass transition at ∼45 °C), would
have high covalent SS cross-linking (Pérez-Mateos et
al., 1997). The time-dependent myosin head association
would be favored by the first heating step, and the final
cooking step could benefit both myosin tail networking
and actin aggregation. This could therefore be the best
gelling process to induce the desired overall functional
properties (sufficiently high WHC, relatively high BF
and Hd, as well as Ad, medium E and WP, and
relatively low BD and Ch) in as stable a product as
possible.

Pressurized gels L and, to a lesser extent, H, changed
considerably with aging in contrast to the highly stable
thermally set gel T, mainly in parameters WP, Hd, and
Ad, which increased significantly, clearly indicating
considerable restructuring. According to several au-
thors (Yamamoto, 1990; Shoji et al., 1994; King et al.,
1994), hydrostatic pressure may dissociate myosin at
low ionic strength into the two R-helix chains, which
may aggregate in different ways from the original
moiety after pressure release. On the basis of a
hypothesis suggested by others, Gilleland et al. (1997)
reported that setting at 25 °C/120 min after 300 MPa/5
°C/30 min pressurization of surimi pastes produced
synergistic effects (pressure and transglutaminase, with

Table 3. Penetration Parameters of Fresh and Aged (4 °C/24 h) Samplesa

S1 L S2 H T

fresh aged fresh aged fresh aged fresh aged fresh aged

BF - 1.0a 2.0b 8.8c 2.6d 2.7d 2.2b 3.5e 3.4e 3.9e

BD - 5.7a 15.3b 17.5c 15.3b 11.8d 11.6d 11.1d 10.8de 9.8d

WP - 5.7a 30.0b 154c 40.2d 32.1be 24.8b 40.9d 38.1ed 38.8d

a S1 (7 °C/10 min); L (200 MPa/7 °C/10 min); S2 (37 °C/20 min); H (375 MPa/37 °C/20 min); T (37 °C/30 min + 90 °C/50 min). Breaking
force, BF (N); breaking deformation, BD (mm); work of penetration, WP (J). Different superscript letters within a row indicate significant
differences (P < 0.05) among samples.

Table 4. TPA Parameters of Fresh and Aged (4 °C/24 h) Samplesa

S1 L S2 H T

fresh aged fresh aged fresh aged fresh aged fresh aged

Hd - 51a 95b 127c 62d 70d 63d 96b 14c 160f

Ad - 2.9a 2.2b 2.9c 2.0b 2.3bc 2.2b 3.3a 5.4d 5.5d

Ch - 42a 72b 77c 67d 70d 51e 56f 55f 52e

a S1 (7 °C/10 min); L (200 MPa/7 °C/10 min); S2 (37 °C/20 min); H (375 MPa/37 °C/20 min); T (37 °C/30 min + 90 °C/50 min). Hardness,
Hd (N); adhesiveness, Ad (kJ); cohesiveness, Ch (dimensionless). Different superscript letters within a row indicate significant differences
(P < 0.05) among samples.
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disulfide bond formation) on the gels strength. Carlez
et al. (1995), on threadfin bream, and Pérez-Mateos et
al. (1997), on blue whiting, found a high percentage of
ionic and hydrogen bonds in pressure-induced (300 and
200 MPa) gels at low temperature (3 and 10 °C,
respectively). All of these facts clearly indicate that the
effect of pressure and its attendant mechanisms pre-
dominate over protein thermal denaturation in these
types of pressure/heat treatments. Consequently, these
combined processes may induce different gelling func-
tionality in the system and lead to final products with
characteristics (WHC, texture) different from those
produced by heating alone.

Mixing Mechanism. DSC revealed that whatever
the different processing parameters, L (lowest pressure
and temperature, Figure 2B) and H (highest pressure
and temperature, Figure 3B) combined treatments
converged in that the pressurized gels had practically
identical myosin characteristics (the main gelling pro-
tein), diverging only in the extent of unfolded actin. We
may then speculate as to a mixing mechanism for the
structure of pressure-induced (cold-setting susceptible)
gels: filamentous, largely folded myosin single chains
would aggregate in strands to form the bearing gel
network (as in cold gelation), and unfolded globular
actin would aggregate corpuscularly, thus weakening
the net to some extent (as in heat gelation). It is
consistent with data from some of the authors cited
above and would help to explain the relative rheological
behavior of pressurized gels, that is, why gel L had
higher BF, WP, Hd, and Ch than gel H. Gel L further
exhibited a DSC pattern intermediate between those of
suwari gels S1(not denatured) and S2 (denatured); at
the same time, it was rheologically unrelated to S1 but
strongly related to S2, particularly in E, BD, and Ad.
Gel H was very peculiar in that its DSC trace was also
intermediate between those of S1 and S2 (zone I) but
close to T as well (zone II). It seems likely that this
complex thermal behavior would account for the sys-
tematic similarity between the rheological behavior of
gel H and that of the nonpressurized gels, particularly
suwari S1 and kamaboko T. In fact, gel H was close to
gel S1 in elasticity (E) and adhesiveness (Ad), but close
to gel T in penetration parameters, hardness (Hd) and
cohesiveness (Ch). Gel H seemingly shared the most
characteristic rheological indices of both types of cold-
set and heat-induced gel. Thus, DSC and the mixing
mechanism would also help to explain the rheology of
pressurized gels with respect to nonpressurized gels.

Figure 4A is an SEM image of gel L showing a very
dense or compact matrix coherent with the fact that L
scored highest in penetration test (Burgarella et al.,
1985) and cohesiveness. The structure of gel T (Figure
4C) was relatively less compact, as evidenced by ir-
regularly distributed vacuoles, which was consistent
with relatively lower mechanical parameters. Gel H
(Figure 4B) clearly shared both aspects in that it had a
more compact matrix than gel T but a more porous
structure than gel L, in coherence with its intermediate
rheological behavior. Although a more detailed discus-
sion would require TEM, the SEM ultrastructure mi-
crographs seem likely to support the view of the mixing
mechanism above formulated.

GENERAL CONCLUSIONS

This work confirms previous results on pork meat
batters (Fernández-Martı́n et al., 1997) in that, due to
the predominance of pressure-driven over temperature-
driven mechanisms, pressure/heat combinations may
produce two types of effect on the protein matrix of blue
whiting washed mince. At nondenaturing tempera-
tures, pressure caused denaturation of fish batter
proteins, with greater effect the higher the level. At
per-se denaturing temperatures, however, pressure
preserved fish batter proteins from subsequent thermal
denaturation. Interestingly, because of the different
myosin and actin thermal stabilities in the system, each
of the pressurized samples underwent both opposite
types of pressure effect simultaneously. Myosin (and/
or its heavy chain fragments) was strongly preserved

Figure 4. SEM image of aged gels at ×500 magnification (bar
) 10 µm): A, gel L; B, gel H; C, gel T.
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in undenatured conditions, whereas actin was severely
unfolded; this lent pressure-induced gels (H in particu-
lar) a “mixed” character, that is, some macroscopic and
microscopic attributes intermediate between those char-
acteristic of cold-set and heat-induced gelation.
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