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ABSTRACT

Raman analysis has been carried out to study the effects of Vitacel® wheat dietary fibre (WDF) during
gelation of surimi. The main results reveal the following: (a) Vitacel® comprises natural cellulose I as
major component; (b) hydration of WDF leads to vCH frequency upshifting and decreasing intensity.
On the basis of these spectral features it is suggested that water transfer from protein to WDF can occur
in surimi gels. WDF hydration can be interpreted in the sense that this fibre either takes water that is
delivered from the gel protein upon heat-mediated formation of B-sheets and hydrophobic contacts
and/or or acts as an active dehydrating agent. An increase of solvent-exposed hydrophobic side chains
is observed in the sol phase, upon the addition of WDF, which may cause breaking of intermolecular pro-
tein hydrophobic contacts; a subsequent change upon WDF-containing gel formation is the reduction in
the vCH intensity, which may be indicative of increasing hydrophobic WDF-protein contacts. Interest-
ingly, these results constitute molecular data, to be considered when designing restructured fish products
with these fibre ingredients.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Dietary fibres (DF) have a positive association for consumers as
a functional ingredient, and the scientific evidence for their bene-
ficial health effects are well-known (Dreher, 2001; Gallaher,
2000). DF is at least quantitatively the principal ingredient used
in functional foods (Saura-Calixto & Goiii, 2005). Wheat dietary fi-
bre (WDF) is insoluble, neutral in taste and odour and has been
used, for example, in formulations of restructured fish products
(Sanchez-Alonso, Haki-Maleki, & Borderias, 2007). This fibre, like
other biopolymers, can also be used technologically as a water-
controlling agent, in order to obtain desirable textures, physical
stability and thus contribute to the final characteristics of the for-
mulated foods (Lee, 2002; Sainchez-Alonso, Haki-Maleki, & Borderi-
as, 2006).

Surimi technology allows the formulation of tailor-made sea-
food products, which can be considered as excellent carriers of
some functional ingredients, provided they do not completely
interfere with the gelation of the myofibrillar proteins. The pres-
ence of WDF in surimi gels leads to changes in the rheological prop-
erties of these products (Sanchez-Gonzalez, 2008). When WDF is
incorporated into the formulation, an increase of initial and resid-
ual stress, elastic and viscous moduli can be observed at equal
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surimi (and therefore protein) concentrations. However, if the
WODF is added at equal water concentrations, that is, replacing part
of the surimi (or protein) by WDF, the rheological parameters men-
tioned above may not reach the values obtained with the control.
The above results suggest that the effect of WDF addition on the
formulations could be a balance of (a) the strengthening effect of
the fibre on the gel structure either by acting as a filler or by its
high water absorbing capacity and (b) the increase of the heteroge-
neity of the protein network, maybe due to the aggregation/coag-
ulation of the surrounding protein matrix.

One way to study the molecular interactions between biopoly-
mers and proteins in the above models is the use of Raman spec-
troscopy. This technique gives information based on both the
relative intensities and the frequencies of vibrational motions on
the amino acid side chains, polypeptide and polysaccharide back-
bone. It has been proposed as a useful tool to investigate molecular
interactions, structural changes in proteins and water in seafood
products during storage (Careche, Herrero, Rodriguez-Casado, Del
Mazo, & Carmona,1999; Herrero, Carmona, & Careche, 2004), as
well as in the study of the alterations in protein side chains and
secondary structure in surimi, gels, or during gelation of actomyo-
sin (Bouraoui, Nakai, & Li-Chan, 1997; Sanchez-Gonzailez et al.,
2008; Thawornchinsombut, Park, Meng, & Li-Chan, 2006). It has
also been used in the study of the structure of celluloses (Pron-
iewicz et al., 2001). The changes from surimi to gels in relation to
protein structures include increase of hydrophobic interactions,
decreasing of a-helical structure and concomitant increasing of


mailto:mcareche@if.csic.es
http://www.sciencedirect.com/science/journal/03088146
http://www.elsevier.com/locate/foodchem

I. Sdnchez-Gonzdlez et al./Food Chemistry 112 (2009) 162-168 163

B-sheets, this transition involving rearrangement of protein hydro-
gen bonding (Bouraoui et al., 1997; Sanchez-Gonzalez et al., 2008).

This work is focused on the Raman analysis of Vitacel® WDF and
its effects on the structural changes of surimi proteins during gela-
tion. This investigation is targeted to understand the WDF-protein
interactions leading to different mechanical and textural proper-
ties in the presence of this fibre.

2. Experimental
2.1. Materials

Frozen blocks of Alaska Pollack (Theragra chalcogramma) surimi
(grade FA) from the North Pacific were obtained from the company
Angulas Aguinaga S.A., Spain, and stored at —20 °C prior to use (6-9
months after capture date). The shelf life of these lots was 18-20
months at a maximum temperature of —18 °C. Wheat fibre Vita-
cel® WF200, with average fibre length of 250 um, consisting of
74% cellulose, 26% hemicellulose and <0.5% lignin was acquired
from Campi y Jové S.L. (Barcelona, Spain) and maintained at 10 °C
in the absence of air. According to the manufacturer, this fibre con-
tained maximum moisture and ash contents of 8% and 3%, respec-
tively, 0.4% protein, 0.2% fat and a pH value of 6.5+ 1.5 at a 10%
suspension.

2.2. Surimi gel preparation

Surimi was partially thawed at room temperature for 1 h.
Approximately 800 g were cut in small pieces, chopped in a vac-
uum cutter (Stephan Universal Machine UM5, Stephan u. S6hne
GmbH & Co., Hameln, Germany) for 2.5 min, and mixed for another
2.5 min with enough NaCl, in order to obtain 2.5% in the final prod-
uct. A dispersion of WDF in water was added in order to obtain
WDF products having 3% and 6% WDEF, at a final moisture content
of 74.5%. Formulations without WDF having 17%, 14% and 11% pro-
tein (74.5%, 77.5%, and 80.5% moisture) were prepared as controls.
The temperature was kept below 10 °C during the process. A por-
tion of this surimi paste (sol) was separated for Raman analyses
and stored at 2 °C prior to analysis (~15 h). The remaining sol
was stuffed into polyvinylidine casings (Amcor Flexibles Barcelona,
Spain) and subjected to heating at 90 °C for 50 min in a water bath
to obtain the gels. They were cooled in iced water and stored at
2.0 °C for ~12 h before analysis. Four to six gels of about 190 g
(35 mm diameter and ~15cm length) were obtained and used
for subsequent analyses.

The surimi used was from the same batch. Each gel formulation
(0%, 3% or 6% fibre) was prepared on separate days as well as the
replicates (x3) for each formulation. Thus 9 different gel prepara-
tions were prepared on 9 different days. The gel scores (ranking
from 5 to 0, highest to poorest quality), according to the folding
test (Lanier, Hart, & Martin, 1991), were for 0%, 3% and 6% WDF-
containing formulations: 5.0 +0.0a; 4.8 +0.2ab, and 3.3 +1.2b,
respectively (mean score values of seven assessors; different let-
ters indicate significant differences). Other data referring to ultra-
structure and rheological analysis of these formulations will be
published elsewhere (Sanchez-Gonzalez, 2008).

2.3. Water retention capacity of the fibre

Water retention capacity was measured following the method
of Robertson and Eastwood (1981). Water (10 ml) was added to
the WDF, which was allowed to stand overnight at room tempera-
ture, and centrifuged at 3000g for 20 min at room temperature.
Water retention capacity was expressed as grams of water retained
per gram of dry sample. Measurements were made in triplicate.

2.4. Raman spectroscopy

Samples of Alaska Pollack 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 spectrometer (Bruker,
Karlsruhe, Germany). 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 cor-
rected by multiplying point by point (Viser/v)®. The samples
thermostatted at 15-20 °C were illuminated with 290 mW laser
power. Two thousand scans were recorded for every three portions
from the same sample, each sample consisting of 6000 scans. Ra-
man spectra were resolved at 4.0 cm™! resolution with a liquid
nitrogen-cooled Ge detector. Frequency measurements are accu-
rate to +0.5cm~'. Spectra were processed and evaluated using
Grams/Al (Thermo Fisher Scientific, Inc., Waltham, MA) and Opus
2.2. (Bruker) software. Amide I band (around 1650 cm~!) was used
in order to estimate the protein secondary structure and was ana-
lysed according to literature methods (Alix, Pedanou, & Berjot,
1988; Careche, Herrero, Rodriguez-Casado, Del Mazo, & Carmona,
1999). Each spectrum was normalised to the intensity of the phen-
ylalanine band centred at 1003 +2cm™! and considered to be
unaffected by environment. Amino acid side chains bands such
as tryptophan and tyrosine doublet were analysed according to
the method described in Careche et al., (1999). For the analysis
of vCH band centred at 2935 cm™! it was necessary to first subtract
the CH band of WDF whenever this ingredient was present. For this
purpose, a spectrum of WDF aqueous dispersions with 74.5% mois-
ture content, treated in the same conditions as the surimi sols or
gels, was subtracted until the C-0 ring stretching modes of the cel-
lulose (near 1095 cm™!) were no longer visible (Wiley & Atalla,
1987). The study of the effect of the protein matrix over the WDF
in the sol and gel was performed by subtracting the spectra of
the sols or gels without fibre at 11% protein concentration from
those containing 6% WDF until the 1003 cm~! Phe band was an-
nulled. The 1095 cm™! band was used as internal standard for mea-
surements of normalised intensities of the 2895 cm~! vCH band
(Wiley & Atalla, 1987).

2.5. Statistical analysis

A two-way analysis of variance was performed as a function of
type of sample (surimi, sol and gel) and fibre content (0%, 3%, 6%) on
the protein secondary (% a-helix, B-sheet, turns and random coil)
and tertiary (tyrosine doublet, vCH stretching and 8CH, bending
bands) structure. Then, a one way analysis of variance was done
separately for the sol and for the gels as a function of fibre concen-
tration. The Levene test was used to check the equality of vari-
ances. Where variances were equal, the difference between
means was analysed by the Bonferroni test. Where equality of vari-
ances could not be assumed, a Tamhane T2 test was used. One way
analysis of variance was also used for the study of the differences
of the vCH band of the fibre at different moisture contents and
within the sol and gel. The statistical package used was SPSS 13
(SPSS Inc., Chicago, IL) and significance was established at
P < 0.05. Results were expressed as average + standard error of
the mean (SEM).

3. Results and discussion
3.1. WDF Raman spectroscopy characterisation

WDF is a naturally-occurring complex polymer material and its
macromolecular substances comprise mainly cellulose, hemicellulose
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and lignin. It is necessary to characterise the chemical structure of
the WDF used in this work by comparison with WDF components
to understand their contributions. In this connection, the Raman
analysis of WDF is summarised in Table 1 and through the follow-
ing figures.

The 2600-3550 cm™! region (Fig. 1) is dominated by cellulose
through its strong band located at 2895 cm™! and the shoulders
at 2945 and 2966 cm~! (Proniewicz et al., 2001; Shen, Rahiala, &
Rosenholm, 1998), and the weak band at 2986 cm ™! coincides with
hemicellulose as shown in Table 1. Those shoulders become visible
upon suspension in water (Fig. 1), because the intensity and mask-
ing caused by the predominant 2895 cm™' vCH vibration de-
creases. In addition, this band slightly shifts towards higher
frequencies (2897 cm™!) upon hydration. The factors influencing
the intensity of vCH infrared and Raman bands have been studied
and the use of these intensities as a tool for chemical diagnosis has
been suggested. According to some literature works dealing with
hydrogen bonding of water with molecules having CH bonds that
are contiguous to oxygen atoms (Barnes, 2004; Gussoni & Castigli-
oni, 2000; Mizuno, Imafuji, Fujiwara, Ohta, & Tamiya, 2003), the
origin of the above frequency upshifting and decrease of the vCH
intensity can be explained through binding of a hydrogen bond do-
nor to the lone electron pairs of the glucose oxygen atoms. In fact,
in the absence of the said hydrogen bonding, electronic charge is
back-donated from the oxygen lone electron pairs to the ¢ orbital
of a contiguous CH bond. The increase of electronic charge in the
o¢y orbital makes the CH bond weaker, with subsequent decrease
of the vCH frequency and intensity increase. Therefore, the oppo-
site is expected when fixing the oxygen electron pairs through
hydrogen bonding (Gussoni & Castiglioni, 2000). Some 3CH bands
of WDF also shift to higher frequency side upon hydration, as de-
scribed below, which implies that their respective CH groups are
subjected to attractive interactions with water molecules by
involving the so called blue-shifting C-H---O hydrogen bonding

Table 1

General band assignments of FT-Raman peaks of dried WDF based on literature
(Agarwal & Ralph, 1997; Shen et al., 1998; Wiley & Atalla, 1987; Zhbankov et al.,
2002)

Band Wavenumber (cm™!) Assignment

0 378 m Cellulose C-C-C, C-C-0 bend

1 436 m Cellulose C-C-C, C-C-0 bend

2 459 w Cellulose C-C-C, C-C-0 bend

3 492 w Hemicellulose C-C-C, C-C-0O bend
4 519 sh Cellulose C-C-C, C-C-0 bend

5 535 vw Hemicellulose C-C-C, C-C-0O bend
6 899 m Cellulose HC-C, HC-0 in C-6 bend
7 970 w Cellulose C-C, C-0 stretching

8 997 w Cellulose C-C, C-0 stretching

9 1040 sh Cellulose C-C, C-O stretching

10 1058 sh Cellulose C-C, C-O stretching

11 1095 s Cellulose C-C, C-0 stretching

12 1120 s Cellulose C-C, C-O stretching

13 1151 m Cellulose C-C, C-0 stretching

14 1204 vw Cellulose C-C, C-O stretching

15 1248 vw Hemicellulose HC-C, HC-O bend
16 1266 vw Cellulose HCC, HCO, HOC bend

17 1318 sh Hemicellulose HCC, HCO, HOC bend
18 1339w Cellulose HCC, HCO, HOC bend

19 1379 m Cellulose HCC, HCO, HOC bend

20 1415w Cellulose HCC, HCO, HOC bend

21 1466 m Cellulose HCC, HCO, HOC bend

22 2735w

23 2895 vs Cellulose C-H stretching

24 2945 sh Cellulose C-H stretching

25 2966 sh Cellulose C-H stretching

26 2986 sh Hemicellulose C-H stretching

27 3225vs O-H stretching

Abbreviations: s, strong; vs, very strong; m, medium; w, weak; vw, very weak; sh,
shoulder; v, stretching; and 3, deformation.
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Fig. 1. The averaged Raman spectra in the 2600-3550 cm™! region (C-H vCH and
VOH region) of dried WDF (upper) and in WDF aqueous suspension with 74.5%
water (lower).

(Mizuno et al., 2003). On the above basis it is expected that some
bands of 8CH,, 6COH and SCCH character located in the 1300-
1500 cm ™! range shift towards higher frequencies upon hydration.
This indeed occurs for the bands located at 1466, 1415, 1318 and
1266 cm™! (Fig. 2A). However, the hydration of WDF does not seem
to affect the vCO and/or vCC vibrations falling in the 800-
1200 cm™! range as reflected in Fig. 2B, which supports the use
of the medium intensity 1095 cm~! band as internal standard for
measurements of normalised intensities (Wiley & Atalla, 1987).
Hemicellulose is visible through the weak band located at
1318 cm~ ' (Agarwal & Ralph 1997; Shen et al., 1998) which shifts
towards higher frequencies upon hydration; the remaining spec-
tral profile in the 800-1700 cm ™' range is dominated by bands of
cellulose.

In the 300-800 cm™! range several, closely spaced, medium
intensity bands are observed in the Raman spectrum (Fig. 3). Cal-
culations of vibrational modes of cellulose show that the modes
below 800 cm™! are to a large extent delocalised, indicating that
the vibrational modes are quite complex (Wiley & Atalla, 1987)
(Table 1). The predominant vibrational characters are CCO and
8CCC which generate a prominent band at 378 cm™!, correspond-
ing to natural cellulose I (Zhbankov et al., 2002), as the major com-
ponent of WDF.

3.2. Spectral characterisation of the matrix

3.2.1. Changes in the fibre

The averaged Raman spectra in the 2800-3000 cm~! region of
WDF with 74.5% of water and the difference spectrum of WDF from
surimi gel containing 6% WDF show a lowering of the vCH intensity
in the matrix, as well as a blue-shifting of the vCH band (Fig. 4),
thus suggesting hydration of the fibre within the gel. This 3 cm™!
shifting of the WDF vCH band toward higher frequencies can be
considered as blue-shifting for the following reasons. Firstly, the
frequency measurements are accurate to #0.5 cm~', as described
in the Experimental section. Secondly, the vCH frequency change
corresponds to an order of magnitude, which is the same as that
from other molecules showing vCH frequency blue-shifting upon
hydrogen bond interactions with water (Mizuno et al., 2003). In



I. Sdnchez-Gonzdlez et al./Food Chemistry 112 (2009) 162-168 165

1339
1379

Relative Intensity

1200 1300 1400 1500 1600 1700 1800

cm’

Relative Intensity

800 900 1000 1100 1200

Fig. 2. The averaged Raman spectra in the 1200-1800 cm~' range (A) and 800-
1250 cm™! range (B) of dried WDF (upper) and WDF aqueous suspension with
74.5% moisture (lower).

order to quantify our spectroscopic results, we measured the nor-
malised intensity of the vCH band of aqueous suspensions of WDF
as a function of the water content of the sample up to the maxi-
mum water retention capacity of the fibre, which was 6.7 g
water/g dry fibre (87% moisture). Fig. 5 shows that this intensity
decreases with increasing moisture. No changes were observed in
this band as a function of heating (not shown). Interestingly, the
normalised intensity of the vCH band in the WDF difference spec-
trum from gel containing 6% WDF and 74.5% moisture is lower
than that of pure WDF in water at the same moisture (Fig. 5). All
of these results suggest that wheat dietary fibre has taken a certain
amount of gel water, leading to higher local moisture surrounding
the wheat fibre. By contrast, no visible changes appeared in the
WDF-containing sols and we can assume that the moisture of
the fibre before heating corresponds to the average moisture of
the matrix (Fig. 5).

Below 1800 cm™!, small spectral changes in gels were found for
bands of 8CH,, 83COH and SCCH character, located in the 1300-
1500 cm™! range, which were similar to those described above
for isolated WDF with increasing moisture.

3.2.2. Changes in the protein
The normalised intensity of the amide I band of the gel matrix
did not change as a function of protein concentration in the

378
436

-—
0
o

Relative Intensity

— 7
300 400 500 600 700 800
cm™”

Fig. 3. The averaged Raman spectra in the 300-800 cm™! range of WDF dried
(upper) and WDF aqueous suspension with 74.5% moisture (lower).
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Fig. 4. The averaged Raman spectra in the 2750-3050 cm™' region of WDF with
74.5% of water content (upper) and the difference spectrum of WDF from surimi gel
containing 6% WDF (lower).

absence of fibre, but the relative intensity of the vCH band centred
at 2935 increased slightly at decreasing moisture content (not
shown). Thus, only in the latter band, the protein concentration ef-
fect was corrected when analysing the effect of WDF.

Fig. 6 includes the difference Raman spectrum of surimi gel con-
taining WDF, compared with pure gel, and shows that amide I band
of gel matrix is shifted towards higher frequencies upon addition of
WDF. This frequency upshifting can be interpreted in terms of an
increase of B-sheets caused by the fibre addition, according to
spectrum-structure correlation (Careche et al., 1999). The interpre-
tation of this spectral change is supported by the amide III region,
where a more pronounced p-sheet shoulder at 1238 cm™! is appar-
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Fig. 6. The averaged Raman spectra obtained from surimi gels. Difference spectrum
of gel with 6% WDF upon subtraction of WDF (upper), and control gel (lower).

ent in the spectrum of the gel containing WDF (Fig. 6). A quantita-
tive analysis of the amide I band in the gels reveals a significant in-
crease of B-sheet proportion with increasing content of WDF,
which is accompanied by a trend of decreasing content in o-heli-
ces. No significant changes were noticed in relation to the sol sam-
ples (Fig. 7). As regards turns and unordered protein structures,
there were no significant differences in the sols nor in the gels
(not shown).

A positive relation on the proportion of p-structures in condi-
tions of higher elasticity and therefore, more regular arrangement
of the protein network has been suggested (Niwa & Nakajima,
1975). However, as the temperature is increased during cooking,
coagulation of proteins also takes place, resulting in a release of
a portion of water from the random coil peptide carbonyl group
and formation of B-sheet upon heating to high temperature (Niwa,
1992). Thus, the B-structures are associated to both nonspecific
coagulation consisting of aggregates and to protein network
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Fig. 7. Bar diagram corresponding to B-sheet (A) and o-helix (B) content during
gelation with 0%, 3% and 6% WDF at 74.5% moisture content. Bars with different
letters in the same phase mean significant differences (P < 0.05). Error bars indicate
standard error of the mean.

formation. In proteins other than myofibrillar, there is also evi-
dence of dehydration of proteins accompanied by B-sheet aggrega-
tion, viewed as nonspecific coagulation (Al-Azzam et al., 2002; Van
de Weert, Haris, Hennik, & Crommelin, 2001). Taking into account
these data, we dehydrated a surimi sample toward 68% moisture
which would fall within the moisture range that the surimi matrix
would have if the local hydration of the WDF were around 84% (Fig.
5). The gel prepared from this dehydrated surimi generated a B-
sheet content which was very close to that found in surimi gel con-
taining 6% WDF (not shown). That means that the p-sheet content
generated by WDF addition can be explained from the viewpoint of
a protein matrix dehydration. The role of WDF, either as an active
dehydrating agent of gel protein matrix and/or acceptor of the
water released from this matrix upon B-structure formation, is
consistent with data from Fig. 5.

As to the protein tertiary structure, the most visible changes
correspond to the VCH profile (Ig35/l1003), Whose intensity in-
creases in the sol phase upon addition of WDF (Fig. 8). According
to work carried out using model biomolecules this increase in
intensity is caused by breaking of hydrophobic contacts between
protein side chains, such as those of leucine, which become sol-
vent-exposed (Carmona, Molina, & Rodriguez-Casado, 2003; Rader,
Hespenheide, Kuhn, & Thorpe, 2002). The absence of local hydra-
tion changes in the sols (Fig. 5), suggest that the VCH increase
could be attributed to a dispersion effect generated by WDF.

There is a slight, but non-significant decrease of the vCH inten-
sity in going from sol to gel in the controls without fibre, this
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gelation with 0%, 3% and 6% WDF at 74.5% moisture content. Bars with different
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decrease being more pronounced in the fibre-containing formula-
tions (Fig. 8). It is well-known that hydrophobic interactions be-
come stronger at increasing temperatures (Rader et al., 2002;
Wang, Lin, Li, Wei, & Hsieh, 2005). One possible explanation for
this differential behaviour between the fibre-containing and con-
trol formulations could be that some WDF-protein hydrophobic
contacts, with subsequent vCH intensity decrease, occur.

No significant differences were observed for other tertiary
structural details revealed by the tyrosine and tryptophan bands,
indicative of variations of their local medium environment.

The results we have described here regarding to WDF-protein
structural interactions are compatible with the changes in rheolog-
ical and functional properties, and the ultrastructure of surimi gels
with WDF (Sanchez-Gonzalez, 2008), as well as the folding test. Ra-
man results suggest that these differences may be caused by the
dispersion effect of the fibre on the protein in the sol and a subse-
quent higher coagulation, with respect to gel formation during
heating, as well as occurrence of hydrophobic contacts between
the protein and fibre, leading to an impaired possibility of intermo-
lecular protein crosslinks. In addition, Raman spectroscopy also
suggests that the water released by the protein is taken by the
WODF, which, either by acting as a dehydrating agent during heat-
ing, or by physically avoiding network formation as a consequence
of dispersion, is the cause of this dehydration effect.

4. Conclusions

The Raman spectra of Vitacel wheat dietary fibre have been ana-
lysed here in terms of contributions of cellulose and hemicellulose.
The spectra are dominated by bands of natural cellulose I, as the
major component of WDF, and hemicellulose, being visible
through some weak Raman signal, due to small concentration of
this component.

We have shown that hydration of WDF involves vCH frequency
upshifting and decreasing intensity, which can be explained in
terms of formation of blue-shifting C-H- - -O hydrogen bonding be-
tween cellulose C-H bonds and water molecules. On this basis it is
suggested that, when WDF is added to surimi for subsequent pro-
duction of gels in the present experimental conditions, the local

moisture of WDF within the gel phase is higher relative to the
mean moisture of the whole samples.

WDF and heating together cooperatively act to generate (-
sheets, which are attributed to nonspecific coagulation rather than
network formation. Also, this dietary fibre produces changes in ter-
tiary structure of proteins in the sol phase, manifested by changes
in the environments of hydrophobic side chains, which become
more solvent-exposed and, upon heating, may lead to hydrophobic
contacts between the protein and fibre, as judged by the vCH
decrease.
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