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Abstract

Structural changes of proteins and water during gelation of fish surimi, have been studied by isotopic H/D exchange of water and
Raman spectroscopy assisted by monitoring of rheological characteristics, in order to get insights into the structural and functional prop-
erties of surimi gels. The results indicate the following: (i) Protein hydrogen bond rearrangements occur involving mainly a-helix to b-
sheet transition, (ii) the relative intensity of the symmetric H2O stretching band near 3220 cm�1 tends to decrease upon gelation, (iii) H/D
exchange reveal a slower deuteration kinetics in the gels as compared to the surimi, (iv) the low temperature scanning electron micros-
copy shows a smaller pore size of the gel network as compared to the surimi, and suggests that water domains in gel are more inaccessible
to D2O, which is consistent with higher water holding capacity in the gel.
� 2007 Published by Elsevier Ltd.
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1. Introduction

Surimi, the stabilized myofibrillar protein that is
obtained from mechanically deboned fish flesh, is washed,
mixed with cryoprotectans, and stored frozen, is used as
a raw material in order to obtain a great variety of prod-
ucts. This is due to the unique gelling properties of the
myofibrillar proteins. The gelling process entails the associ-
ation of long myofibrillar protein chains which produce a
continuous three-dimensional network in which water
and other components are trapped. As a result, a viscoelas-
tic gel is obtained.

A general description of the protein–protein and
water–protein interactions involved during the gelling
process has been established, and to some extent, the
order of interaction of the (acto)myosin molecule has
been outlined. This interaction mostly uses isolated pro-
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tein or protein fragment preparations, sol suspensions at
relatively low protein concentration or, by dissolving the
gels and analysing their structure (For reviews see e.g.
An, Peters, & Seymour, 1996; Lanier, Carvajal, & Yon-
gsawatdigul, 2005; Niwa, 1992; Stone & Stanley, 1992).
In general terms, salt addition to surimi, with sufficient
degree of grinding, breaks ionic bridges within the pro-
teins, dissolves them and destabilizes their molecular
structure toward subsequent thermal denaturation and
promotes hydrophobic interaction. These hydrophobic
interactions, rearrangement of hydrogen bonds as well
as covalent bonds of proteins, play important roles in
the formation of the protein network when the sol is
heated. However, there is still some uncertainty about
the precise mechanism responsible for gel formation. This
is in part due to less work dealing with the analysis in situ

of the structural changes occurring on the surimi proteins
(Bouraoui, Nakai, & Li-Chan, 1997; Thawornchinsom-
but, Park, Meng, & Li-Chan, 2006), and on the structure
and mobility of water during the gelation process.
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I. Sánchez-González et al. / Food Chemistry 106 (2008) 56–64 57
One way to study the molecular changes in proteins and
water in food systems, is by using vibrational spectros-
copy. In particular, Raman spectroscopy gives information
based on both the relative intensity and frequencies of
vibrational motions on the aminoacid side chains, poly-
peptide backbone, and the structure and mobility of water.
Raman spectroscopy has been considered as a useful tool
to investigate molecular interactions and changes in pro-
teins (Careche, Herrero, Rodriguez-Casado, Del Mazo,
& Carmona, 1999; Herrero, Carmona, & Careche, 2004)
and water (Herrero, Carmona, Garcia, Solas, & Careche,
2005) of fish muscle during frozen storage, as well as in
the study of the changes in the side chains of polypeptide
skeleton and secondary structure during gelation of surimi
in situ (Bouraoui et al., 1997) or isolated actomyosin
(Ogawa et al., 1999).

Based on Raman studies of in situ structural changes of
proteins in Pacific whiting surimi, and during different gel-
ling conditions, Bouraoui et al. (Bouraoui et al., 1997) pro-
posed that protein changes observed in the Raman spectra
may be related to the gel strength and fold score. In partic-
ular, the changes in intensity of Raman band near
530 cm�1 were attributed to either involvement of disulfide
bonds and/or hydrophobic interactions in gel formation.
Changes in secondary structure were more pronounced
after the cooking treatments and differed for gels prepared
with or without setting. Other features, included changes in
the tyrosine doublet ratio, frequency downshifting as well
as intensity decrease of the Raman band assigned to C–H
stretching vibration of aliphatic residues.

The spectral features of the Raman spectrum of water,
based on studies in solutions of biological macromolecules
and biological systems (Lafleur, Pigeon, Pézolet, & Caillé,
1989; Maeda & Kitano, 1995; Walrafen & Fisher, 1986)
can be summarized as follows: (a) the band between 3100
and 3500 cm�1 attributable to O–H stretching motions
and (b) the low frequency range (below 600 cm�1), related
to intermolecular water and protein librations and
restricted translational motions involving the bending and
stretching vibrations of the O(N)–H� � �O(N) units.

The objective of this work was the study of the struc-
tural changes of proteins and water during surimi gelation
by Raman spectroscopy. This was performed along with
the monitoring of the rheological and other physical chem-
ical characteristics of resulting gel products, as well as the
microstructure of the surimi and gels, in order to obtain
more insights into the surimi gelation process.

2. Materials and methods

2.1. Species

Alaska pollock (Theragra chalcogramma) surimi (grade
FA) from the North Pacific, was purchased from a local
supplier (Angulas Aguinaga S.A, Spain) and stored at
�20 �C prior to use (6–9 months after capture date).
Southern blue whiting (Micromesistius australis) surimi
(grade FA) from the South-West Atlantic was purchased
(Patagonia y Antártida S.A, Argentina), stored at �20 �C
and used within 9–11 months after capture. The shelf life
of these lots was 18–20 months at a maximum temperature
of �18 �C.

2.2. Surimi gel preparation

Surimi stored at �20 �C was partially thawed at room
temperature for 1 h. It was cut in to small pieces where
approximately 800 g was chopped in a vacuum cutter for
2.5 min (Stephan Universal Machine UM5, Stephan u.
Söhne GmbH & Co., Germany), and mixed for 2.5 min
with enough NaCl and water for a final formulation with
74.5% moisture, 2.5% NaCl and 17% protein. This was
defined as sol. The temperature was kept below 10 �C. A
portion of the sol was stored at 2 �C for subsequent analy-
ses, and the rest was placed into polyvinilidine casings
(Amcor flexible Hispania, Spain) and subjected to heating
at 90 �C for 50 min in a water bath, to obtain the cooked
gels. These gels were cooled in iced water and stored at
2 �C before analysis. Four gels of about 190 g (35 mm
diameter x � 15 cm length) were obtained, and used for
subsequent analyses.

2.3. Isotopic H/D exchange

Portions of surimi and gels of 2.0 cm length and
�5.0 mm diameter were transferred to glass tubes (2.0 cm
length) open on both ends. Samples were closed with a dial-
ysis membrane (SnakeSkin PLEATED dialysis tubing 3500
mwco. Pierce, Perbio USA). Tubes were covered with an
excess of deuterium oxide (99.9 at.% D, Aldrich) and main-
tained at 15 �C for 7 h in a water bath. Each hour one tube
was taken for FT-Raman analyses, performed as described
in the corresponding section.

2.4. Proximate analyses

For analysis of the moisture content, 5.0 g of sample
were introduced in an aluminium sample holder and kept
in a forced air draft oven at 105 �C over 24 h until a con-
stant weight was achieved. Results were expressed in grams
of water per 100 g of sample. Assays were made in tripli-
cate for each sample (Surimi, sol or gel). Protein determina-
tion was carried out in triplicate by the Dumas combustion
method in a Leco CNS 2000 instrument (St. Joseph, MI,
USA). This method converts covalently bound nitrogen
into nitrogen gas which is quantified by passing the gas
through a conductivity cell. Samples were measured in trip-
licate and expressed in % protein using 6.25 as protein
nitrogen conversion factor (AOAC, 1995).

2.5. Water holding capacity (WHC)

The water holding capacity was measured by a modifica-
tion of Roussel and Cheftel’s (Roussel & Cheftel, 1990)
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method. A 3.0 g of surimi, sol or cooked gel was introduced
into centrifuge tubes with two micropipette filters (Gilson
Pipetman) and was centrifuged at 1830g (Heraeus L-R,
Kendro Loratory Products, Germany) for 15 min at room
temperature. Results were expressed as grams of water
retained in the sample per 100 g of water present in the
sample before centrifugation (%). Measurements were
made in triplicate.

2.6. Folding test

This was carried out according to the National Fisheries
Institute procedure (Lanier et al., 1991). Gels were assigned
to five classes: AA, A, B, C or D, ranging from AA (good
quality, score 5) to D (poor quality, score 1). At least 3
determinations were performed per gel.

2.7. Textural profile analysis (TPA)

The assays were performed using a TA.XT2i SMS Sta-
ble Micro Systems Texture Analyzer (Stable Microsystems
Ltd. Surrey, England) on cylindrical cores of 35 ± 1 mm
diameter and 30 ± 1 mm length. TPA assay was achieved
in gels by compressing 50% using a load cell of 25.0 kg at
a compression speed of 60 mm min�1 and a 75 mm diame-
ter cylindrical probe. Hardness, springiness, cohesiveness
and chewiness were measured and defined as reported by
Uresti and others (Uresti, López-Arias, González-Cabri-
ales, Ramirez, & Vázquez, 2003).

2.8. Stress-relaxation test

This was performed in surimi and gels using the same
texturometer as above. The samples were compressed by
10% with a 75 mm diameter cylindrical probe and a load
cell of 5.0 Kg at a crosshead speed of 0.8 mm s�1, the
deformation being kept constant for 600 s. Initial stress
(r0) was obtained; relaxation of stress was monitored as
a function of time and the curves were fitted to the Maxwell
model (Mohsenin, 1970):

rðtÞ ¼ re þ r1e�t=T 1 þ r2e�t=T 2 þ r3e�t=T 3

where r(t) is the decaying stress, re is stress at equilibrium
(t =1), r1, r2, and r3 are the decay stress of each exponen-
tial, and T1, T2, and T3 the relaxation times. For each fit-
ting, starting Ti and ri values included into the nonlinear
regression equation were: T1 = 200, T2 = 20, T3 = 2, and
re, r1, r2, r3 = 0.3 times r0. The viscous and elastic moduli
(gi and Ei respectively) were calculated taking into account
that Ti = gi/Ei, and ri ¼ Ei *Deformation.

2.9. FT-Raman spectroscopy

Surimi, sol and gels were transferred to glass tubes
(5.0 cm height and 5.0 mm i,d; Wilmad Glass co., Inc.,
Buena, NJ). Spectra were excited with a 1064 nm Nd:Yag
laser line and recorded on a Bruker RFS 100/S FT spec-
trometer. The scattered radiation was collected at 180�
to the source, and the frequency-dependent scattering of
the Raman spectra that occurs with this spectrometer
was corrected by multiplying point by point (mlaser/m)4.
Raman spectra were resolved at 4.0 cm�1 resolution with
a liquid nitrogen-cooled Ge detector. The samples thermo-
stated at 15–20 �C were illuminated with 290 mW laser
power.

Amide I band (around 1650 cm�1) was used to estimate
the secondary structure composition (Alix, Pedanou, &
Berjot, 1988) and was measured as reported previously
(Herrero et al., 2004). Normalization against the Raman
band of phenylalanine near 1003 cm�1, considered to be
invariable during conformational changes of proteins,
was used as an internal standard of the spectra. The inten-
sity ratio of I850/I830 doublet bands was used to monitor the
microenvironment around tyrosine residues (Li-Chan,
Nakai, & Hirotsuka, 1994; Siamwiza et al., 1975). The
C–H stretching mode of aliphatic amino acid residues
(2935 cm�1) was also studied according to Bouraoui et al.
(1997) with Phe as internal standard. A total of six thou-
sand scans per replicate, consisting of three separate sam-
ples of two thousand scans, were recorded. This prevents
ageing of the sample due to prolonged exposure to the laser
beam and averages any acquisition variability due to
instrument conditions.

The O–H stretching region (3100–3500 cm�1) was ana-
lyzed in order to report the structural changes in water.
In order to obtain information on the sizes of interstitial
water domains, of sizes below 15 nm, the intensity near
3220 cm�1, normalized in relation to the 3400 cm�1 inten-
sity, was measured according to Lafleur et al. (1989) These
authors stated that the smaller the 3220/3400 intensity ratio
of the symmetric and asymmetric mOH bands, the smaller
the water domain sizes. On the other hand, the intensities
at 3185, 3160, and 3140 cm�1 relative to that of the maxi-
mum near 3220 cm�1 were also measured as an indication
of the hydrogen bonding strength in water (Scherer, 1980;
Sammon, Bajwa, Timmins, & Melia, 2006).

In the H/D exchange experiments, the O–H stretching
region was used. The maxima of the C–H and O–H stretch-
ing bands in the 2800–3500 cm�1 region were obtained by
curve fitting, which was achieved for each 2000 scans, start-
ing with maxima near 2935 cm�1 and 3220 cm�1, and con-
sidering 150 cm�1 bandwidth. Maximum frequency of the
O–H stretching band and the relative O–H/C–H area in
the course of deuteration were recorded. Deuteration kinet-
ics in each case, was plotted as water fraction unexchanged
as a function of H/D exchange time, this fraction being
defined as the O–H/C–H area ratio divided by the value
of this ratio at time 0. For deuteration measurements as
a function of time, every graphics point results from the
average of three replicates, each of them being recorded
with 2000 scans.

Spectra were processed and evaluated using Grams/AI
(Thermo Electron Corporation, USA) and Opus 2.2. (Bru-
ker, Karlsruhe, Germany) software.



Table 1
Moisture (%), protein (%), water holding capacity (WHC, %) in Alaska
pollock (Theragra chalcogramma) surimi, sol and gel (mean ± SEM)

Samples Moisture Protein WHC

Surimi 74.8 ± 0.1a 17.3 ± 0.3a 91.9 ± 0.1a

Sol 74.5 ± 0.4a 16.3 ± 0.8a 91.7 ± 0.1a

Gel 74.1 ± 0.1a 16.3 ± 0.3a 96.3 ± 0.1b

Different letters for each parameter indicate significant differences
(P < 0.05).

Table 2
Stress-relaxation test in Alaska pollock (Theragra chalcogramma) surimi
and gels

Parameter Surimi Gel

r0 2.35 ± 0.10a 9.77 ± 0.41b

re 0.28 ± 0.02a 2.84 ± 0.12b

E1 5.8 ± 0.2a 21.8 ± 1.3b

E2 5.7 ± 0.4a 16.0 ± 0.7b

E3 8.1 ± 0.4a 24.7 ± 1.0b

g1 1160 ± 32a 4747 ± 218b

g2 112 ± 7a 347 ± 16b

g3 11.5 ± 0.6a 37.8 ± 1.8b

T1 200 ± 6a 223 ± 5b

T2 19.8 ± 0.2a 21.8 ± 0.3b

T3 1.43 ± 0.04a 1.53 ± 0.03a

The parameters are: initial and equilibrium stress (r0, re, kPa), elastic
moduli (E1, E2, E3, kPa), viscous moduli (g1, g2, g3, kPa s), and relaxation
times (T1, T2, T3, s). Results are expressed as mean ± SEM. Different
letters for the same parameter indicate significant differences (P < 0.05).

I. Sánchez-González et al. / Food Chemistry 106 (2008) 56–64 59
2.10. Low-temperature scanning electron microscopy

(LT-SEM) analysis

The surimi and gel samples were kept in the fully
hydrated state and then fixed mechanically onto the speci-
men holder of an Oxford CT1500 cryotransfer system. This
instrument plunge-freezes the samples in subcooled liquid
nitrogen and then transfers them to the preparation unit,
where they are fractured. The samples were coated by gold
sputtering and examined on the cold stage of a DSM 960
Zeiss SEM microscope.

2.11. Experimental design

The first series of experiments were conducted with
Alaska pollock surimi. FT Raman analyses of surimi, sol
and gel were performed, along with parameters such as
proximate composition, water holding capacity, folding
test, TPA and compression relaxation tests. Each experi-
ment consisted in the preparation of gels and measure-
ments of all the parameters listed above (first day) as well
as the FT Raman analysis (second day). Three experiments
were carried out in three separate days and results from
each day were considered as a replicate.

In order to obtain better insight into the structure and
properties of water, a H/D exchange experiment was car-
ried out as well as microstructure analysis. For this second
series of experiments, Southern blue whiting was used as a
surimi source, using the same experimental set up as before.
Three replicated experiments were conducted for each sam-
ple (surimi or gel).

2.12. Statistical analysis

One way analysis of variance was performed as a func-
tion of type of sample (surimi, sol and gel). The Levene test
was used to check the equality of variances. Where vari-
ances were equal, the difference between means was ana-
lyzed by the Bonferroni test. Where equality of variances
could not be assumed a Tamhane T2 test was used. For
analysing the differences between two samples, a t-student
test for independent groups was carried out. For the H/D
exchange experiments, linear regression analysis was per-
formed as a function of deuteration time. The statistical
package used was SPSS 13 (SPSS Inc, Chicago IL) and sig-
nificance was established at 0.05 levels. Results were
expressed average ± standard error of the mean (SEM).

3. Results

3.1. Experiment 1: Physical-chemical properties of surimi,

sol and gels and structural features of protein and water

during gelation

3.1.1. Moisture, protein content and WHC

The moisture and protein contents of the sol and gels
were in agreement with the designed formulation, with
�74.5 and 17% moisture and protein, respectively (Table
1). There was a significant increase of the WHC in the gels
as compared to surimi or sol. The WHC in the gels was
higher than that of Sánchez-Alonso and others (Sánchez-
Alonso, Haji-Maleki, & Borderı́as, 2006). This may be
due to the differences in the methodology of measuring
WHC, since in our work, micropipettes filters have been
used during the centrifugation process, as opposed to filter
paper, used by the cited authors.

3.1.2. Folding test, texture profile analysis (TPA), and

stress-relaxation test

The fold score was five, and therefore the gels were of
good quality. Hardness, springiness, cohesiveness, and
chewiness as measured by the TPA assay were respectively:
113.5 ± 1.1 N; 7.30 ± 0.32 mm; 0.44 ± 0.02; 363 ± 5.3
Nmm. These values were in agreement with other authors
(Munizaga & Barbosa-Cánovas, 2004; Sánchez-Alonso
et al., 2006). Table 2 shows the results of stress-relaxation
test in surimi and gels. Initial and equilibrium stress, r0

and re, were respectively four and ten times higher in the
gels as compared to the surimi. These parameters have been
related to cross-links density between protein chains (r0)
and to residual solidity of the system derived from perma-
nent cross-links (re) (Hamann & MacDonald, 1992). The
viscous to elastic constant ratios for each exponential term
are reflected in the values for the relaxation times. T1 and T2

were significantly higher for the gels, whereas no differences



Fig. 2. Protein secondary structure of surimi, sol and gel of Alaska
pollock (Theragra chalcogramma) (mean ±SEM). The letters inside the
bars indicate: a, a-helices; b, b-sheets; t, turns; and u, unordered. Different
letters on the bar tops for the same protein structure indicate significant
differences (P < 0.05).
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were found for T3. When the values for the gels were fitted
to a mono-exponential equation with the residual term, the
corresponding parameters extracted were in the same range
of those of other authors (Hamann & MacDonald, 1992).
The gels had higher viscous elements for g1 and g2 and g3

was higher in the surimi, and the same trend was found
for the elastic moduli, Ei.

3.1.3. Protein secondary structure

Fig. 1 shows the amide I band spectra in surimi, sol and
gel samples. This band (centred near 1655 cm�1) is corre-
lated with the amount of the types of protein backbone
conformation (Alix et al., 1988; Tu, 1982) and consists of
overlapped band components falling in the 1658–1650,
1680–1665, and 1665–1660 cm�1 ranges which are attribut-
able to a-helices, b-sheets, and random coil respectively
(Frushour & Koening, 1975). Comparison of the amide I
band of surimi samples reveals a shifting of the band max-
imum toward higher frequencies in going from surimi to
the gels, with more marked changes (around 15.0 cm�1)
between the sol and the gel. The estimates of protein sec-
ondary structures (Fig. 2) showed that surimi posses a
predominant a-helical structure and lesser contribution of
b-sheets. The helical structure decrease with concomitant
increase in b-sheets that was observed after heating was
close to 40%. Significant increases in turns and unordered
structures in the gels were also observed. The percentage
of a-helix in surimi was higher than that found from other
works which report a range between 35% and 53% in these
samples (Bouraoui et al., 1997; Moosavi-Nasab, All,
Ismail, & Ngadi, 2005; Thawornchinsombut et al., 2006).
The differences may be due to different methodologies of
calculation of the secondary structure percentages or spe-
cies differences. The general trend as regards to secondary
structure changes upon gelation was similar to that of
Bouraoui et al. (1997), although the absolute percentage
changes were higher in Pacific whiting surimi gels.
Fig. 1. Amide I Raman spectra of surimi (bottom), sol (middle), and gel
(top) of Alaska pollock (Theragra chalcogramma).
Fig. 3 shows the amide III band spectra in surimi and
gels. This band, which provides additional information of
polypeptide backbone (Lippert, Tyminski, & Desmules,
1976; Yu, Lippert, & Peticolas, 1973), is complementary
of the amide I. The amide III mode involves N–H in plane
bending and C–N stretching as well as contributions from
Ca–C stretching and C@O in plane bending, which has
been assigned to the 1309 and 1273 cm�1 bands which fall
in the well established range attributable to a-helices. In
surimi, a band at 1306 cm�1 is present as a shoulder, which
disappeared in the gels. The change in the 1273 cm�1 band
is indicative of a-helix loss and consistent with the results
shown in the amide I region.

3.1.4. C–H stretching region

The band centred around 2938 cm�1 is assigned to CH2

asymmetric and CH3 symmetric stretching vibrations of
Fig. 3. Amide III Raman spectra of surimi (bottom), and gel (top) of
Alaska pollock (Theragra chalcogramma).
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Fig. 4. Raman measurement of H/D exchange for Southern blue whiting
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aliphatic residues. The intensity of this band decreased in
the sol and gel compared to the surimi (Table 3), but the
high standard errors do not allow to observe significant dif-
ferences among the samples. This trend was also observed
by Bouraoui et al. (1997) who interpreted that this could be
due to the environment of aliphatic C–H groups which may
be related to hydrophobic interactions during processing of
surimi.

3.1.5. Tyrosine doublet (850 and 830 cm�1)

The doublet band of tyrosine is assigned to vibrations of
the para-substituted benzene ring of tyrosine residues.
These are affected by the environment and the involvement
of the phenolic hydroxyl group in hydrogen bonding (Li-
Chan et al., 1994; Siamwiza et al., 1975). Tyrosine doublet
ratio I850/I830 cm�1 has been reported to decrease upon
gelation (Bouraoui et al., 1997) and interpreted as tyrosine
becoming buried in a more hydrophobic environment and
involved as strong hydrogen bond donors (Li-Chan et al.,
1994; Siamwiza et al., 1975). The tyrosine doublet was
observed as two faint bands in the FT Raman spectra. A
slight, although non significant (P = 0.07) decrease in the
I850/I830 ratio, was observed in going from surimi to sol
(Table 3). Nevertheless this result has to be taken with cau-
tion, due to the difficulty of the calculation of these band
intensities in the present spectra.

3.1.6. O–H stretching region

The vibrations of water molecules include two O–H
stretching bands, namely, a symmetric one whose maxi-
mum appears around 3220 cm�1 and an asymmetric band
which appears around 3400 cm�1 (Maeda & Kitano,
1995). Table 3 shows a decreasing trend of this intensity
from the surimi to the gel, although no significant differ-
ences could be found among the samples. Some authors
have demonstrated that an increase of the I3220/I3440 ratio
occurs in going from small water interstices to greater
domains of water (Lafleur et al., 1989) when considering
domain sizes below 15 nm. The relative intensities at
3185, 3160 and 3140 cm�1 also showed a trend to decrease,
but with no significant differences among the samples
(Table 3). These trends could be interpreted in terms of
weaker hydrogen-bonded molecular species of water (Sam-
mon et al., 2006; Scherer, 1980).
Table 3
C–H stretching (expressed as normalized intensity against 1003 cm�1 band), r
3160, and 3140 cm�1 (expressed as relative intensity to the maximum of
(mean ± SEM) in Alaska pollock (Theragra chalcogramma) surimi, sol and ge

Samples C–H stretching O–H stretching

I3220/I3400 I3185

Surimi 37.13 ± 2.61a 4.3 ± 0.2a 0.77 ± 0.
Sol 34.71 ± 0.80a 3.90 ± 0.05a 0.77 ± 0.
Gel 34.6 ± 1.9a 3.80 ± 0.02a 0.71 ± 0.

Different letters for the same parameter indicate significant differences (P < 0.
3.2. Experiment 2: H/D exchange and LT-SEM

microstructure analysis

In order to check the consistency between the previous
and the present experiment, a characterization of the
techno functional properties of the batch used for the H/
D exchange was performed. Moisture (74.5 ± 0.05%), pro-
tein (18.6 ± 0.4%), and WHC (97.00 ± 0.4 g/100 g) fell well
within the range of the gels used in the former experiment
(Table 1). The TPA analysis gave the following values
for the hardness (138.9 ± 8.5 N), springiness (7.30 ± 0.04
mm), cohesiveness (0.47 ± 0.01), and chewiness (477 ± 24
Nmm), also in the range of previous results.

3.2.1. H/D exchange

Fig. 4 shows an example of the behaviour of the O–H
stretching profile during deuteration. The intensity of this
O–H stretching band decreases in the course of deuteration
and it is accompanied by subsequent intensity increasing of
the O–D stretching band centred near 2500 cm�1. This
spectral behaviour also involves frequency downshifting
of the unexchanged O–H stretching band, which occurs
elative 3220/3440 cm�1 intensity ratio, O–H stretching intensities at 3185,
the O–H stretching band) and tyrosine doublet ratio I850/I830 results
l

I850/I830

I3160 I3140

01a 0.67 ± 0.01a 0.57 ± 0.04a 0.66 ± 0.06a

02a 0.66 ± 0.01a 0.55 ± 0.03a 0.43 ± 0.05a

02a 0.55 ± 0.01a 0.52 ± 0.03a 0.44 ± 0.05a

05).



Fig. 5. Fraction of unexchanged O–H groups as a function of H/D
exchange time for Micromesistius australis surimi (d) and gel (j). Results
expressed as relative O–H/C–H stretching area with the area ratio at time
zero as absolute value (1.0).

Fig. 6. LT-SEM image of fish surimi (lower) and gel (upper) (5000x).
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also in surimi samples (results not shown). This frequency
shifting is indicative of the presence of water molecular spe-
cies that are bound with different hydrogen bonding
strengths, these being stronger for lower frequencies, and
hence the water in the gel generates different H/D exchange
kinetics.

The H/D exchange kinetics, expressed as the fraction of
unexchanged water O–H bonds versus time, is slightly dif-
ferent for surimi and gel (Fig. 5). Particularly, it should be
noticed during the first hour of isotopic exchange, that
there are rapid kinetics without significant differences for
both types of samples. Thereafter, the deuterations showed
exchange rates which are different for surimi and gel and
can be fitted to linear equations, as described in the follow-
ing. The slope of the linear regression equation for gel
(y = 0.67 � 0.043x; R2 = 0.89, x being the deuteration
time) was found to be lower than that of surimi
(y = 0.69 � 0.065x; R2 = 0.97), and therefore the H/D
exchange kinetics in the gel is slower than in surimi.

3.2.2. Microstructure analysis

Raman measurements aimed at determining water
domain sizes through the relative intensities at 3200 and
3400 cm�1 are valid for domain sizes below 15 nm (Lafleur
et al., 1989). Consequently, and in order to explain the H/
D kinetics, it is necessary to know the microstructure differ-
ences between surimi and gel above the said size. In this
connection, we have taken micrographs with various
amplifications and seen that the average size of cavities that
can enclose water are smaller in gel when compared with
surimi. An exemplary image is shown in Fig. 6.

4. Discussion

We have obtained here, gels having physical-chemical
characteristics that are similar to those of gels reported in
the literature (Munizaga & Barbosa-Cánovas, 2004; Sán-
chez-Alonso et al., 2006). The stress relaxation, showed
that gels had a higher density of cross-links than the surimi,
and also a higher proportion of permanent cross-links, as
expected for a gelation process which entails the formation
of a three-dimensional protein network structure. The
higher viscosity in the two first exponential terms in the
gels, can be attributed to entanglement of protein chains
and to dissociation and reassociation of non covalent
bonds as the proteins slide past each other (Hamann &
MacDonald, 1992). Additionally, the time dependent char-
acteristics could also be due to the release of hydraulic
pressure induced within the gel specimens during loading
(Tang, Tung, & Zeng, 1998).

As to the presence of non covalent cross-links, Raman
spectroscopy can provide information in connection with
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certain protein conformational transitions occurring dur-
ing the development and stabilisation of the gel network.
We have observed protein structural changes involving
hydrophobic interactions in the gelation process (Table
3), but mainly hydrogen bond rearrangements of protein
backbone (Fig. 2) in agreement with other works (Boura-
oui et al., 1997; Niwa & Hamada, 1981). The FT-Raman
spectra of these samples do not allow to confirm the
involvement of disulfide S–S bridges and the local changes
of the aromatic protein side chains that were observed by
other authors (Bouraoui et al., 1997). This may be due
either to the raw materials or to different instrument sensi-
tivities, for instance FT instruments as compared with dis-
persive ones.

The percentage decrease of a-helix structure is an indica-
tor of a partial denaturation of the proteins, rearranged to
form a three dimensional structure (Nishinari, Zhang, &
Ikeda, 2000). This change can be considered as a net effect
of denaturation, because it has been shown that the a-heli-
cal structure of gels can be partly recovered upon cooling
(Niwa, Nakayama, & Hamada, 1985). According to this
interpretation, there is a higher net denaturation of pro-
teins upon the sol-gel transition than through the surimi-
sol. The rearrangement of protein secondary structure
has been reported to have a role on the stabilization of
the gels upon cooling (Lanier et al., 2005; Niwa, 1992).
The increase in b-sheet content observed here could, hence,
be the result of the changes during the gelling process and
the gel stabilization occurring at low temperatures, since
these gels were kept chilled for 12 h before analysis. On
the other hand, as the temperature is increased upon cook-
ing, coagulation of proteins takes place, resulting in a
release of a portion of the water bound by the surimi sol
(Niwa, 1992). This author suggested a relationship between
the liberation of bound water from the random coil peptide
carbonyl group and formation of b-sheet upon heating to
high temperature.

Water is necessary to maintain or modify the texture
characteristics of gels. Its organization in any polymer solu-
tion is variable and dependent on the crosslinking degree,
whereby there may be water of protein hydration, intersti-
tial water located in the domains surrounded by protein
chains, and free or bulk water (Walrafen & Fisher, 1986).
There exists, relatively less studies on water structure in sur-
imi gels as compared with that of proteins, in spite of the
important role of intra and intermolecular interactions of
water molecules in the formation of these gels (Niwa,
1992; Ahmad, Tashiro, Matsukawa, & Ogawa, 2004;
Ahmad, Tashiro, Matsukawa, & Ogawa, 2005). The results
included in Table 3 are indicative of changes in the sizes of
water domains (3200/3400 cm�1 band) below 15 nm, which
tend to be smaller in the gel, as well as of weaker strength of
water hydrogen bonds in the gels (3185, 3160, 3140 cm�1).

In order to interpret the above results, a second series of
experiments was carried out where H/D exchange kinetics
has been measured. The WHC (Table 1) changes would be
consistent with higher protein-water interaction and/or
smaller interstitial water domains. However, it involves
water losses due to centrifugation only between 4 and
8%, whereas H/D exchange in these experimental condi-
tions comprises water deuteration fractions reaching 60–
70%, and consequently we obtain more complete informa-
tion on the behaviour of all water types in the course H/D
exchange. It is well known that the O–D stretching band
appears at lower frequencies (around 2500 cm�1) than
those of the O–H stretching band (3200–3500 cm�1). The
slowest kinetics of disappearance of the latter in the gels
can be explained in terms of stronger water hydrogen
bonds, and/or smaller interstitial space domains (Fig. 5).
Both WHC and H/D exchange could be interpreted in
terms of either of both scenarios: water in these gels being
physically trapped and difficult to be extracted by centrifu-
gal forces in the gels, or more tightly bound to proteins.
The LT-SEM micrographs show smaller network cavities,
which can surround water domains, as compared with
those appearing in the surimi image (Fig. 6), which would
be consistent with more physically trapped water in the gels
having water domains of this magnitude. Moreover, (a) the
relative intensities at 3185, 3160 and 3140 cm�1 do not
seem to indicate that the strength of water hydrogen bond-
ing is higher in these gels, and (b) the increased b-sheet for-
mation could be the result of less protein-water interaction,
as described above. Therefore, the results of H/D exchange
and WHC should be attributed to a greater inaccessibility
of water due to size decreasing of interstitial water
domains.

5. Conclusions

The changes found here from surimi to sol and gels in
relation to protein structures, refer to decreasing of a-heli-
cal structure and concomitant increasing of b-sheets, this
transition involving rearrangement of protein hydrogen
bonding in agreement with the findings reported by other
authors in similar experimental conditions. Part of these
changes may contribute to the increase in the viscous and
elastic moduli in going from surimi to the gel.

The experiments suggest that the water is more trapped
within the gel protein matrix, due to formation of smaller
interstitial water domains rather than to stronger water
hydrogen bonding to proteins. The method used here for
H/D exchange can be applied to study the structural orga-
nization of water in surimi products prepared under differ-
ent conditions or with ingredients that can modify the
water-protein interactions and/or the three dimensional
structure of the protein networks.
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