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Abstract

A freeze—thaw cycling process applied to barley B-glucan aqueous dispersions resulted in network structure development, which
remained intact after thawing in both acidic and neutral conditions. The effects of freeze—thaw cycling were milder in the presence of
sucrose where f-glucans were less prone to cryogel formation, giving weaker cryostructurates. The effect of three operating factors
(B-glucan content, sucrose content and salt content) and their interactions on viscosity at shear rates of 10, 50 and 125 s~! was stud-
ied using response surface methodology. Significant positive linear effects were identified for all the factors on the first two models,
while salt was not significant for the response at 125 s~!. The p-glucan also exhibited significant negative quadratic effects for all
three responses. Significant negative interactions were observed between B-glucan and sucrose, and B-glucan and salt for the viscos-
ity at 10 and 50 s~', while for the viscosity at 125 s™!, only the interaction between B-glucan and sucrose was significant. Response
surface methodology and a second order regression model were used for the study of three factors (pH, temperature and time) influ-
encing the viscosity of B-glucan dispersions of a low and a high molecular weight sample, following acid hydrolysis. Significant linear
effects on viscosity of the low and high molecular weight samples were obtained for all the factors. A significant positive interaction
effect was observed between pH and time for the viscosity of the lower molecular weight sample, while time exhibited a significant
negative quadratic effect for the response of the high molecular weight sample. Acid hydrolysis had a stronger impact on viscosity
reduction of the high molecular weight sample.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: (1 — 3)(1 — 4)-B-p-glucan; Gelation; Freeze-thaw; Cryogels; Rheology; Flow behavior; Response surface methodology; Mathematical
modeling; Acid hydrolysis

1. Introduction

The (1 — 3)(1 — 4)-B-D-glucans are cell wall poly-
saccharides of cereal endosperm and aleurone cells.
Generally, they are linear polysaccharides containing a
single type of monosaccharide, i.e., f-D-glucose. Most
B-p-glucans contain approximately 30% (1 — 3)- and
70% (1 — 4)-linkages that are organized mainly into
blocks of two or three consecutive (1 — 4) residues sep-
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arated by (1 — 3)-linked residues. The -(1 — 3)-linked
cellobiosyl unit is the major building block (58-72%),
followed by the B-(1 — 3)-linked cellotriosyl unit (tetra-
saccharide). The (1 — 4) linkages occurring in groups
greater than three are also present, but at an extremely
lower frequency (Cui, 2001). Despite the similarity in
structural features of B-glucans from different origins,
as studied by '*C NMR, significant variations are re-
vealed in their molecular weight and oligosaccharide
composition obtained by enzyme hydrolysis with liche-
nase (Cui, 2001; Cui, Wood, Blackwell, & Nikiforuk,
2000; Wood, Weisz, & Blackwell, 1991). Thus, the M,
values reported in the literature for cereal B-glucans vary
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widely within the range of 0.065-3, 0.009-5.4, and 0.25-
0.7 x 10° for oat, barley and wheat, respectively (Beer,
Wood, & Weisz, 1997, Bohm & Kulicke, 1999; Cui,
2001; Cui & Wood, 2000; Cui et al., 2000; Gomez, Nav-
arro, Manzanares, Horta, & Carbonell, 1997; Grimm,
Kriiger, & Burchard, 1995; Lazaridou, Biliaderis, & Izy-
dorczyk, 2003; Saulnier, Gévaudan, & Tribault, 1994;
Varum & Smidsrod, 1988; Wood et al., 1991).

In the USA, the Food and Drug Administration
(FDA) has accepted that oat B-glucan is a functional
bio-active ingredient, allowing a health claim for an
association between consumption of oatmeal, rolled
oats and oat bran, and reduced risk of coronary heart
disease (Cui & Wood, 2000). In clinical studies, B-glu-
cans were shown to reduce serum cholesterol levels
and attenuate postprandial blood glucose and insulin re-
sponses in a viscosity related fashion (Kahlon, Chow,
Knuckles, & Chiu, 1993; Klopfenstein, 1988). Moreo-
ver, B-glucans can find use in the food industry as natu-
ral hydrocolloids due to their gelling capacity and ability
to increase the viscosity of aqueous solutions (Izydorc-
zyk & Biliaderis, 2000). It has been claimed that they
may modify texture and appearance of gravies, salad
dressings and ice creams (Wood, 1986), or act as fat
mimetics in calorie reduced foods (Inglett, 1990).

Aqueous solutions of cereal B-glucans can form net-
work structures under certain conditions. Most of the
studies examined the mechanism and kinetics of B-glu-
can gelation at temperatures above 0 °C, as a function
of the molecular size, fine structure, polysaccharide con-
centration and gel curing temperature (Bohm & Ku-
licke, 1999; Cui & Wood, 2000; Cui et al., 2000;
Lazaridou et al., 2003; Vaikousi, Biliaderis, & Izydorc-
zyk, 2004). However, there are very few studies on the
gelling ability of cereal B-glucans at sub zero tempera-
tures. The first gelatinous or fibrous precipitate of barley
B-glucans was produced by Morgan and Ofman (1998)
via a freeze-thaw cycling process. In another study, Laz-
aridou and Biladeris (2004) tried to reveal structure and
molecular size effects on B-glucan gelation phenomena
during a repeated freezing-thawing process at low initial
polysaccharide concentrations. Their findings included
macroscopic morphological observations of the gelled
materials, as well as yield, thermal, and mechanical
properties of the formed cryostructurates, as influenced
by initial solution concentration, number of freeze—thaw
cycles and B-glucan structural features.

Despite the limited knowledge for cryogelation phe-
nomena in cereal B-glucans, the physical changes occur-
ring during freezing, frozen storage and subsequent
thawing procedures are a well known phenomenon for
aqueous solutions of many synthetic and natural poly-
mers such as polyvinyl alcohol (PVA), xanthan, locust
bean gum, amylopectin, amylose and maltodextrins
(Damshkaln, Simenel, & Lozinsky, 1999; Dea et al.,
1977; Giannouli & Morris, 2003; Lozinsky, Damshkaln,

Brown, & Norton, 2000a, Lozinsky, Damshkaln,
Brown, & Norton, 2000b, 2000c, 2002; Tanaka, Hata-
keyama, & Hatakeyama, 1998). Many researchers have
emphasized the improved functionality of the cryogels
produced by these systems compared with the gels devel-
oped with non-cryogenic treatments, making them
applicable in the medicinal, biotechnology and food
industries (Lozinsky & Plieva, 1998; Patmore, Goff, &
Fernandes, 2003; Wan, Campbell, Zhang, Hui, &
Boughner, 2002).

As the demand for ready to eat items rises, a variety
of frozen food products are continually introduced in
markets. However, freezing is not a guarantee of an
indefinite shelf life for food products; it is only a process
to reduce or limit temporarily the rate of different phe-
nomena (physical, chemical and enzymatic reactions)
occurring in the unfrozen phase of a frozen product.
Furthermore, frozen storage of food and temperature
fluctuations during storage have been associated with
loss of integrity on thawing and damage to food texture
through the disruption of food structure, due to ice re-
crystallization. The observed changes in the viscoelastic
properties of foods that have undergone freezing or
freeze-thaw treatments are of practical interest for their
acceptance and consumption, and may be controlled by
modifications in the composition of food products.
Changes in the composition can lead to changes in the
distribution and size of ice crystals formed with direct
impact on product quality. Polymer hydrocolloids are
frequently used as additives to control the texture and
stability of frozen foods (Goff, Caldwell, Stanley, &
Maurice, 1993; Levine & Slade, 1988; Lo & Ramsden,
2000), while differences have been reported in their sta-
bilizing action related to the specific structure and
molecular mass of each polysaccharide. In the case of
foods, various ionic substances, as long as such solutes
are components of liquid media, influence the flow
behavior of thawed products.

In the present study, the effect of a freeze-thaw cy-
cling process on the rheological behavior of B-glucan
dispersions in acidic and neutral environments and in
the presence of solutes such as sucrose was examined.
Moreover, in food manufacturing the viscosity of liquid
foods largely contributes to the sensory properties and
usability of the final products, and therefore informa-
tion on interactions between different food ingredients
during processing is of great importance. In this context,
the viscosity dependence of the continuous phase of a
mayonnaise type dispersion, where B-glucans would
act as stabilizer, on different polysaccharide, sucrose
and salt content combinations was examined, using re-
sponse surface methodology. Finally, the effect of acid
hydrolysis on the flow behavior of aqueous B-glucan dis-
persions that are subjected to heat treatment, was mode-
led; the pH, temperature and time effects on solution
rheology of two B-glucan samples differing in molecular



H. Vaikousi, C.G. Biliaderis | Food Chemistry 91 (2005) 505-516 507

weight were evaluated using surface

methodology.

response

2. Materials and methods
2.1. Materials

Three water-soluble barley B-pD-glucan samples
(BGL110, BGL140 and BGL250) differing in molecular
weight were used in this study. The above preparations
were derived from a mixture of two Greek barley culti-
vars and further purified according to the protocol de-
scribed by Vaikousi et al. (2004). In that study, the
molecular size of the samples was estimated with high
performance size exclusion chromatography (HPSEC)
combined with a refractive index detector (RI), and
found to be 110, 140 and 250 x 10° Da, for BGLI110,
BGL140 and BGL250, respectively. In addition,
BGL110, BGL140, and BGL250 preparations were
characterized for their high B-glucan content (89.3%,
91.8% and 95% d.b.) and low protein levels (1.40%,
0.61% and 1.23% d.b.).

Sucrose, Sodium Chloride (salt), Glacial acetic acid
and phosphoric acid were provided either from Sigma—
Aldrich Co. (Gillingham, Dorset) or from Merck
(Darmstadt, Germany). Double distilled water was used
for preparation of the solutions.

2.2. Preparation of samples

The behavior of B-glucan solutions at sub-zero tem-
peratures and the formation of network structures (cry-
ogels or cryostructurates) caused by a freeze-thaw
cycling process was the first objective of this study. Dis-
persions of BGL110 were prepared by dissolution of -
glucan (4% w/w) in double distilled water under mild
stirring at 85 °C until complete solubilization of the
material. The solutions were cooled at room tempera-
ture and water was added in order to give the desired
concentration as water losses occurred due to evapora-
tion. The pH of the dispersions was either neutral (pH
7.0) or was adjusted to pH 2.0 with 2 N H3PO, after
the cooling process and before the addition of water.
The effect of added solutes, such as sucrose (30% w/w)
in B-glucan aqueous dispersions was, also, investigated
under both acidic (pH 2.0) and neutral (pH 7.0) condi-
tions. The B-glucan dispersions, immediately after their
preparation, were poured into cylindrical plastic molds
(each one contained 6 ml of the prepared solution),
closed with their plastic lids and put in a freezer at
—30 °C, where they were stored for 2 days. Following
storage, the samples were thawed at room temperature
for 2 h and subsequently were frozen again for another
2 day period. The above process of holding samples at
—30 °C for 2 days and then at room temperature for 2

h is defined as one freeze-thaw cycle. Samples were sub-
jected up to 10 repeated freeze—thaw cycles while meas-
urements were performed in triplicate after 1, 2, 6 and 10
cycles. At the freezing temperature of —30 °C samples
containing 30% w/w sucrose were also able to freeze.

Dispersions of different compositions (Section 2.4)
containing B-glucan (BDL140), sucrose and salt (sodium
chloride) were prepared in order to study the flow
behavior of the continuous phase of a mayonnaise type
product, in which B-glucans could be used as a stabilizer
of the oil in water dispersion. Appropriate portions of
BGL140 were dissolved as described above, cooled
and then certain amounts of sucrose and salt were incor-
porated into them, at room temperature. All prepara-
tions contained a fixed vinegar concentration (acetic
acid, 2% v/w) as the basic constituent of the aqueous
phase of such product type . Viscosity measurements
were made immediately after the preparation of samples
to avoid aggregation phenomena that would lead to mis-
leading conclusions.

Finally, the effect of three operating factors, pH, tem-
perature and time (Section 2.4), on the extent of acid
hydrolysis of two barley B-glucan samples of different
molecular weight was examined. Dispersions of
BGL140 and BGL250 at a concentration of 4% w/v were
dissolved at 85 °C until complete solubilization and
cooled at room temperature. The pH was adjusted with
2 N H;PO, according to the levels induced by the exper-
imental design used, and then poured into hermetically
sealed glass vials. Samples were heated in water baths
at a specified temperature for different time intervals.
Exerting the glass vials from the water baths followed
by rapid cooling to 20 °C immediately stopped acid
hydrolysis of the samples. Flow behavior of the acid
hydrolyzed samples was examined immediately as de-
scribed below.

2.3. Rheological measurements

The flow behavior and viscoelastic properties of bar-
ley B-glucan dispersions were studied by a rotational
Physica MCR 300 rheometer (Physica Masstechnic
GmbH, Stuttgart, Germany) using either a parallel plate
geometry (25 mm diameter and 1 mm gap) or a double
gap cylindrical geometry, depending on the nature of the
material tested, gel or liquid, respectively; temperature
was regulated by a Paar Physica circulating bath and a
controlled peltier system (TEZ 150P/MCR) with an
accuracy of 0.1 °C. The data of the rheological meas-
urements were analyzed with the supporting software
US200 V2.21. Two types of rheological measurements
were performed: (a) flow behavior was obtained by
measuring steady shear viscosity (1) over a range of
shear rates, between 0.1 and 1200 s~' at 20 + 0.1 °C;
(b) oscillatory measurements of G’ (storage modulus),
G" (loss modulus) were performed with a strain of
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0.1% and a range of frequencies (0.1-100 Hz) at 20
0.1 °C. In the case of dispersions that were subjected
to the freeze—thaw cycling process, the viscoelastic prop-
erties and flow behavior of fresh solutions (after their
preparation and before putting them in the freezer) were
examined using the double gap cylindrical geometry. As
the freeze—thaw cycling process was repeated, there was
an obvious morphological differentiation in the thawed
samples. Insoluble precipitates that progressively con-
verted to more compact cryogels, with increasing
freeze-thaw cycles, were analyzed by using the parallel
plate geometry. Separating the gelled material of the lig-
uid phase by filtration, the samples were placed onto the
lower plate of the rheometer, and dynamic measure-
ments were performed at 20 °C. On the other hand,
steady shear viscosity measurements of the thawed -
glucan dispersions or liquid-like cryostructurates (differ-
ent replicate of the same batch preparation) were ob-
tained using the double gap cylindrical geometry fixture.

2.4. Experimental design and statistical analysis

For multivariate analysis of the flow behavior of bar-
ley B-glucan aqueous dispersions two experimental de-
signs were used. The first design examined the
viscosity as influenced by different levels of B-glucan, su-
crose and salt. Each of these three independent variables
was tested at three levels (—1, 0, 1) and 20 experiments
were conducted according to the face central composite
statistical design (¢ = 1) used, Table 1. The actual, high
and low levels of the factors used in the experimental de-
sign were chosen according to some formulation proto-
cols used by the food industry in the development of
mayonnaise type of products (Tressler & Woodroof,
1976). A full term second order polynomial response
surface model was fitted to each of the response varia-
bles, namely log of viscosity (Log n), at three different
shear rates, 10, 50 and 125 s~! in order to evaluate the
flow behavior of the material in a variety of shear rate
conditions. The shear rates between 0.1 and 10 s~!
approximate a normal Brookfield viscometer reading,
values of 10100 s~! approximate tumbling or pouring,
a value of 50 s~! approximates the shear rate encoun-
tered in the mouth during chewing and the range of
100-1000 s~' is encountered for most of home mixers
(Krumel & Sarkar, 1975). The second order response
function for the three quantitative factors is given by
the equation

Y = Bo+ BiX1 4 BoXo + BXs + BuXT + BnXs + BiX3
+ BiX1 X2 + B13X1X 3 + By XX,

where X, X>, X3, are the levels of the independent var-
iables in their coded values as shown in Table 1, while
Po> Bi, - - ,Po3 represent the estimated regression coeffi-
cients, with f, having the role of a scaling constant;

Table 1

Experimental design and levels of factors in actual and coded values
for the study of three constituents affecting the viscosity of the aqueous
phase of a mayonnaise type dispersion.

Factors Name (% w/w) Levels

X, B-glucan content 1 3.5 6
X5 Sucrose content 10 25 40
X; Salt content 3 7.5 12
Run Factors

B-glucan Sucrose Salt

content (% w/w) content (% w/w) content (% w/w)
1 1 10 3
2 1 10 12
3 1 25 7.5
4 1 40 3
5 1 40 12
6 3.5 25 3
7 3.5 10 7.5
8 3.5 25 12
9 3.5 40 7.5
10 3.5 25 7.5
11 6 10 3
12 6 10 12
13 6 25 7.5
14 6 40 3
15 6 40 12
16 3.5 25 7.5
17 3.5 25 7.5
18 35 25 7.5
19 3.5 25 7.5
20 3.5 25 7.5

P1, Bo, P35 represent the linear effects, 11, S, P33 the
quadratic effects and f31,, 513, >3 the interaction effects.
The statistical analysis of the data was performed using
coded units with the aid of the MINITAB Statistical
Software, Release 13.1.

With the second experimental design used in this
study it was attempted to evaluate the effect of acid
hydrolysis on the viscosity of two B-glucan samples
(BGL140 and BGL250). Three experimental factors re-
lated to acid hydrolysis were examined (pH of B-glucan
dispersions, temperature and time of heating) each one
at five levels. Table 2 represents the range of pH, tem-
perature and time values used to monitor the response
variables, namely viscosity, 5, of BGL140 and
BGL250 at 37 and 1 s, respectively, shear rate regions
where the viscosity of the tested acid hydrolyzed samples
exhibited Newtonian behavior as well as the 20 experi-
ments that were performed according to the central
composite statistical design (a = 1.682) used. The high
and low levels of the three independent variables were
chosen according to experimental trials (not shown here)
which revealed that the viscosity drop during acid
hydrolysis was negligible at pH values higher than 4.5,
at temperatures lower than 70 °C and when samples
were heated for time intervals shorter than 15 min. In
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Table 2

Experimental design and levels of factors in actual and coded values
for the study of the viscosity of B-glucan dispersions following acid
hydrolysis

Factors Name Levels
-1.682 -1 0 +1  +1.682

X, pH 2.66 3 3.5 4 4.34
X Temperature (°C)  69.9 75 82.5 90 95.1
X3 Time (min) 3.68 18 39 60 743
Run Factors

pH Temperature (°C) Time (min)
1 2.66 82.5 39
2 3 75 18
3 3 75 60
4 3 90 18
5 3 90 60
6 3.5 69.9 39
7 35 82.5 3.68
8 3.5 82.5 74.3
9 35 82.5 39
10 3.5 82.5 39
11 35 82.5 39
12 3.5 82.5 39
13 35 82.5 39
14 3.5 82.5 39
15 3.5 95.1 39
16 4 75 18
17 4 75 60
18 4 90 18
19 4 90 60
20 4.34 82.5 39

addition, the pH range used in this study was typical of
the pH usually met in acidic food products like fruit and
tomato juices, while temperature and time ranges re-
flected well the conditions under which the pasteuriza-
tion process of such products occurs in most of the
food industries. Response surfaces were developed using
the same quadratic model as before. Analysis of vari-
ance was used to detect significant effects at p < 0.05.

3. Results and discussion
3.1. Cryogelation of barley B-glucans

Aqueous B-glucan solutions with or without added su-
crose, at neutral or acidic environments underwent phys-
ical changes as a result of freezing, frozen storage,
subsequent thawing, and repeated freeze-thaw cycling
processes. The above cryogenic treatment caused the for-
mation of the so-called B-glucan cryogels. The cryostruc-
turates formed differed in their morphological
characteristics and the time period in which they were
formed; these depended on the pH, the composition of
the initial solution, and the number of freeze—thaw cycles.
With increasing number of freeze-thaw cycles, prepara-
tions of BGL110 containing only the polysaccharide

(4% wiw) at both pH conditions tested, were gradually
transformed from concentrated viscous solutions (before
freezing and after the first freeze—thaw cycle) through cry-
oprecipitate matters with small insoluble particles, which
were suspended in the bulk liquid, into finally compact
cryogels with a transparent upper liquid layer. Prepara-
tions of BGL110, where sucrose was added (30% w/w),
exhibited similar changes of the structured matter, but
with a definitely smaller transformation rate as cryogela-
tion occurred only after six or 10 repeated freeze—thaw
cycles for samples with pH 2.0 and 7.0, respectively. In
addition, these cryoprecipitates were characterized as less
strong and weaker cryogels, compared to the structures
formed by solutions that did not contain sucrose. The
cryostructuration property of cereal B-glucans has re-
cently been reported by Lazaridou and Biladeris (2004),
in a study where both structural and molecular size effects
were tested. Previous studies of polysaccharide cryogela-
tion have dealt with locust bean galactomannan (Dea
et al., 1977; Lozinsky et al., 2000a; Tanaka et al., 1998),
amylose and amylopectin (Lozinsky et al., 2000b, Lozin-
sky, Damshkaln, Brown, & Norton, 2000c), xanthan
(Giannouli & Morris, 2003) and maltodextrins (Lozin-
sky, Damshkaln, Brown, & Norton, 2002). According
to Lazaridou and Biladeris (2004) cereal p-glucan
cryogels are physically crosslinked gels whose three-
dimensional structure is stabilized mainly by multiple
inter- and intra-chain hydrogen bonds in the junction
zones of the polymeric network. In the case of cryostruc-
turation processes at sub zero temperatures, the pure sol-
vent is crystallized, while the solutes are concentrated in
unfrozen regions of the system’s bulk, or in the so called
“unfrozen liquid microphase”. The cryotropic gelation
events proceed here because of the cryoconcentration
phenomena; the polymer—polymer interactions are
strengthened as compared with the initial liquid solution,
thus favoring intermolecular H-bonding and the forma-
tion of junction zones. Cryoconcentration phenomena
seem to govern the cryogelation of other polymer systems
by shifting the critical gelling concentration towards low-
er values compared with the concentration values that
those polysaccharides need for network formation at
temperatures above zero. This has been previously re-
ported for locust bean gum (Lozinsky et al., 2000a; Tan-
aka et al., 1998), maltodextrins (Lozinsky et al., 2002),
amylose and amylopectin (Lozinsky et al., 2000D,
2000c), suggesting that freezing simply accelerated a
process that would occur much more slowly in unfrozen
solutions. However, cryogelation of xanthan that has
been studied by Giannouli and Morris (2003) seemed to
involve a different process that does not occur in unfrozen
solutions of the same polymer concentration, even on a
much longer time scale.

The drastic change of all barley B-glucan preparations
from liquid to gel was clearly shown by dynamic and
steady shear rheological measurements. The mechanical
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spectra of the thawed B-glucan dispersions, with or with-
out added sucrose, under acidic and neutral conditions,
with increasing freeze—thaw cycles (0-10), are illustrated
in Fig. 1. The frequency dependence of storage modulus,
G’, and loss modulus, G”, of the four different dispersions
immediately after their preparation and before putting
them in the freezer (0 cycles), revealed the viscous or lig-
uid-like character of the system. Fresh B-glucan disper-
sions behaved as random coil polysaccharides at the
concentrated regime, that is G” was greater than G’
and both moduli increased with increasing frequency
over the frequency-range tested. However, the expected
G'-G" crossover showing the solid-like behavior at high
frequencies was not seen and this presumably occurs be-
yond 100 Hz, as happens to all sample preparations with
low polysaccharide concentrations or low molecular
weight. The spectra of the two dynamic parameters re-
mained typical of concentrated polymer solution even
after the first freeze-thaw cycle for the samples that con-
tained only the polysaccharide (at pH 2.0 and 7.0),
whereas after the second freezing-thawing cycle there
was a gradual transition from solution to a gel system
(Fig. 1(a) and (¢)); i.e. the G’ was higher than G” and both
moduli showed very little frequency dependence (partic-
ularly at low frequencies), which means that the visco-
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elastic properties are dominated by the established
network structure. Also, the elastic character (G') and
viscous response (G”) increased with increasing number
of freeze—thaw cycles and became almost constant after
the sixth cycle. At the end of the frozen storage and the
freezing-thawing treatment (10 cycles), G’ was about
one order of magnitude higher than the G” tending to-
wards the same equilibrium value for both pH environ-
ments, and indicating that the formation of strong
cryostructurates was independent of the initial pH of
the B-glucan samples. The increase of G’ with increasing
number of freezing-thawing cycles and subsequently the
strengthening of the resultant cryogels has also been re-
ported for other cryostructurates of cereal B-glucans
(Lazaridou & Biladeris, 2004), locust bean gum (Tanaka
et al., 1998), xanthan (Giannouli & Morris, 2003), and
galactomannans in ice cream model systems (Patmore
et al., 2003). This behavior has been attributed to
additional cross-linking of polymer chains as a result of
repeated freeze-thawing cycles. The same freezing—
thawing process was carried out for the aqueous disper-
sions of 4% w/w B-glucan containing sucrose as co-solute
at a level of 30% w/w in order to examine the effect of
polyol on cryogelation of the polysaccharide. Frequency
sweeps of storage and loss moduli were measured at pH
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Fig. 1. Mechanical spectra of B-glucan dispersions (BGL110, 4% w/w) at 20 °C, after 010 freeze-thaw cycles; 4% w/w B-glucan, pH 2.0: (a) 4% w/w
B-glucan and 30% w/w sucrose, pH 2.0; (b) 4% w/w B-glucan, pH 7.0; (c) 4% w/w B-glucan and 30% w/w sucrose, pH 7.0; (d) freezing at —30 °C for 48

h, thawing at room temperature for 2 h.
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2.0 and 7.0, as shown in Fig. 1(b) and (d). Only small
changes were observed in G’, G"- frequency curves be-
fore and after the first two and six cycles of freezing—
thawing treatment for acidic and neutral dispersions,
respectively. The viscous response was greater than the
elastic parameter at all frequencies tested, while there
was a higher dependence on frequency for both dynamic
moduli compared with the preparations where no su-
crose was added. With increasing number of freezing—
thawing cycles, the two responses slightly increased
whereas the domination of the elastic character of the
system and the subsequent cryogel formation occurred
after six and 10 repeated freeze-thaw cycles for the dis-
persions with pH 2.0 and 7.0, respectively. In addition,
the difference between G’ and G” at the end of the freez-
ing-thawing treatment was much smaller and both mod-
uli reached lower final values especially for the
preparations at neutral conditions (Fig. 1(d)), suggesting
that sucrose tended to nullify the effect of freeze—thaw cy-
cling on the extent of cryogelation or that the network
structure was weakened by the addition of sucrose. The
presence of sucrose in B-glucan aqueous dispersions
probably caused a depression in the freezing point of
the system with a consequent decrease in the extent of
ice crystallization. The resultant increase in the volume
of the unfrozen liquid microphase regions of the system’s
bulk phase, due to the additional presence of sugar,
caused a decrease in the concentration of the polymer
macromolecules in these unfrozen inclusions, thus weak-
ening the effective polymer—polymer interactions. Alter-
natively, in the presence of sucrose the molecular
mobility of the aqueous phase at sub-zero temperatures
(=30 °C) is lower compared to the system where only
the hydrocolloid is present; i.e. the Tg’ is elevated by
the sugar (Levine & Slade, 1988) and thereby chain
mobility of the polysaccharide is further reduced. How-
ever, the repeated freezing—thawing process finally seems
to result in a polymer chain conformation that promotes
intermolecular associations and formation of junction
zones giving a three dimensional weak gel cryostructur-
ate. The effect of sucrose addition on strength of B-glu-
can cryogels are in close agreement with the findings of
Giannouli and Morris (2003) who reported that the
incorporation of sucrose at concentrations above 10
wt% caused large reductions in both dynamic moduli
(G,G") of xanthan cryogels. In contrast, cryogels of lo-
cust bean gum increased in strength when sucrose or
other sugars were added up to a concentration of 50
wt%, with reductions in moduli occurring only at higher
concentrations. Moreover, it has been shown that incor-
poration of sucrose at high concentrations promotes
gelation phenomena of locust bean gum without the need
to go through the freeze—thaw process (Dea et al., 1977,
Richardson & Norton, 1998).

The transition of B-glucan dispersions from solution
to a gel state was further confirmed by steady shear rhe-

ological measurements. The effect of the freeze—thaw cy-
cling process on the apparent viscosity of the B-glucan
preparations was recorded as a function of increasing
shear rate (Fig. 2). The freshly prepared samples of
BGL110, measured immediately after their preparation
(0 cycles), revealed typical pseudoplastic flow behavior.
That is, the viscosity exhibited a Newtonian-like plateau
at the low shear rate region followed by a reduction
(shear thinning behavior) at high shear rates, which
was more pronounced for the more concentrated disper-
sions that contained sucrose. However, as the storage
time at subzero temperatures and the repeated freez-
ing-thawing cycles increased, the flow curves exhibited
strong shear thinning behavior at low shear rates, indi-
cating the presence of some kind of three-dimensional
network structures at rest. The latter flow curve profiles
are similar to the patterns given by ordered polymers
such as xanthan and gellan gum aqueous solutions that
show weak-gel behavior. Xanthan exists in solution in a
rigid, ordered chain conformation and exhibits a shear
thinning-behavior with no evidence of Newtonian pla-
teau at low shear rates, i.e. typical pseudogel-like behav-
ior (Morris, 1984), while in the case of gellan gum it has
been found that at low temperatures and in the presence
of salts such as CaCl, or KCI, weak gels are formed
showing shear thinning behavior and no Newtonian re-
gion at low shear rates (Miyoshi & Nishinari, 1999).
Barley B-glucan samples of low molecular weight also
exhibited unusual shear thinning behavior at low shear
rates when stored at room temperature, due to their high
tendency for molecular aggregation (Vaikousi et al.,
2004). The above departure from the typical pseudoplas-
tic flow behavior of B-glucan preparations occurred
after the second freeze-thaw cycle for the dispersions
containing only the polysaccharide, and the shear thin-
ning behavior was more intense with increasing number
of freeze-thaw cycles (Fig. 1(a) and (c)). In contrast,
there was a significant delay of the shear thinning behav-
ior at low shear rates for the samples where sucrose was
added and finally this was observed after six and 10 re-
peated cycles for the acidic and neutral dispersions,
respectively. These observations were in accord with
the results obtained from the mechanical spectra. Closer
inspection of Fig. 2 also reveals that viscosity reached
higher values and the slopes of viscosity plots were
considerably steeper for the samples containing only B-
glucan. On the other hand, when sucrose is present as
co-solute the viscosity breakdown due to shearing is less
for the respective cryostructurates.

3.2. Effect of the presence of sucrose and salt on apparent
viscosity of the aqueous phase of a mayonnaise type
dispersion containing barley f-glucans

The effect of three operating variables (i.e. B-glucan,
sucrose and salt content) each at three levels and their
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Fig. 2. Effect of freeze-thaw cycling process (0-10 repeated cycles) on apparent viscosity of thawed B-glucan dispersions (BGL110, 4% w/w) at 20 °C;
4% wlw B-glucan, pH 2.0: (a) 4% w/w B-glucan and 30% w/w sucrose, pH 2.0; (b) 4% w/w B-glucan, pH 7.0; (c) 4% w/w B-glucan and 30% w/w
sucrose, pH 7.0; (d) Freezing was at —30 °C for 48 h and thawing at room temperature for 2 h.

interactions on flow behavior (log # at 10, 50 and 125
s~') has been examined. For each of the response var-
iables an analysis of variance was produced which
tested the value of the applied model and determined
if a more complex model could have a better fit. Table
3 summarizes the estimated regression coefficients of
the quadratic polynomial models for the three response
variables, along with the corresponding R* and F val-
ues. If the F test for the model is significant at the
5% level (i.e. p <0.05), there is evidence that the model
has some power to explain the variation in the re-
sponses. In addition, if the F test for lack of fit is sig-
nificant then there is evidence that a more complex
model would give a better fit. As shown in Table 3,
the R* values ranged from 0.997 to 0.993, suggesting
that the generated models adequately explained the
variation of the responses. Moreover, the F test for
the regression was significant at a level of 5%
(p <0.05), while the lack of fit was not significant at

the 5% level in all responses. These results show that
the models that have been chosen can satisfactorily ex-
plain the effects of the three factors on the Log of vis-
cosity at three different shear rates. Significant positive
linear effects were identified for all the three factors
examined on the first two models, with that of -glucan
being the most pronounced. Salt was not a significant
factor in affecting the viscosity at 125 s !; i.e. the re-
sponse variable depended mostly on the B-glucan con-
tent and subsequently on sucrose, as the linear effects
of these factors were significant in the third polynomial
equation. The B-glucan concentration as independent
variable exhibited also significant negative quadratic ef-
fects for all three responses. Finally, significant nega-
tive interactions were noted between [-glucan and
sucrose and B-glucan and salt for the log of viscosity
at 10 and 50 s~!, while for the viscosity at higher shear
rates (125 s'), only the negative interaction between
B-glucan and sucrose was found to be significant. It
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Table 3
Regression coefficients of the second-order polynomial models for the
response variables (analysis has been performed using coded units)

Factors Log of viscosity Log of viscosity Log of viscosity
at10s~ ' (Pas) at50s™!(Pas) at125s ' (Pas)
Constant 0.563"" 0.406™"" 0.278"""
B-Glucan 1.227 1.056™" 0.993™""
Sucrose 0.421"" 0.357""" 0.329""
Salt 0.103" 0.088""" 0.063 (NS)
(B-Glucan)? —0.511""" —0.538""" —0.543™""
(Sucrose)? 0.039 (NS) 0.041 (NS) 0.043 (NS)
(Salt)? 0.014 (NS) 0.029 (NS) 0.028 (NS)
B-Glucan —0.080" —0.128"" —0.131""
X sucrose
B-Glucan —0.069" —0.075" —0.060 (NS)
X salt
Sucrose x salt ~ 0.027 (NS) 0.034 (NS) 0.038 (NS)
R? 0.997 0.996 0.993
F 352 312 149
Probability P < 0.0001 P < 0.0001 P < 0.0001
of F
Lack of fit 2.79 1.46 3.24
Probability 0.143 0.345 0.111
of lack of fit
* P <0.05.
 P<0.0I.

" P <0.001.

would be noticed here that the regression coefficient
values decreased as Log of viscosity was measured at
higher shear rates, which means that the response val-
ues for viscosity were lower at higher shear rates due to
the shear thinning behavior of the solutions.

Fig. 3 gives representative surface plots for Log of
viscosity at 50 s™! and its dependence on B-glucan and
sucrose content or B-glucan and salt content with the
third factor held constant at its middle level. The surface
plots describing the variation of the other two responses
(not given here) had more or less the same shape. At low
levels of sucrose content an increase in -glucan concen-
tration resulted in a significant increase in viscosity val-
ues; instead at high sucrose levels the observed
enhancement of viscosity was smaller (Fig. 3(a)). The
positive linear effect of sucrose on Log of viscosity was

o [ /7
S o 1177
g [T
= 71717711,
g HHHHAAAATTT 6
2 % ‘ﬂ\qﬂ
30 " \\)&“k
@ Sucrose (% v, fw) 2

prominent at low levels of B-glucan content. At high lev-
els of the latter factor, the Log of viscosity reached a
plateau, which is reflected in the negative quadratic ef-
fect of B-glucan. The negative interaction effect between
B-glucan and sucrose can be easily explained as follows:
an increase in sucrose concentration at low B-glucan
levels increased the response variable, whereas at high
B-glucan content Log of viscosity was marginally in-
creased or maintained constant, especially in the case
where both factors were combined at their high levels,
presumably due to insufficient or incomplete hydration
of the polysaccharide in these highly concentrated dis-
persions. Indeed, many studies have revealed that the
combination of polysaccharides with sugars results in
a reduction of viscosity values beyond a certain concen-
tration of the incorporated co-solutes (Carlson & Zie-
genfuss, 1965; D’Appolonia, 1972; Richardson &
Norton, 1998; Richardson, Willmer, & Foster, 1998;
Sudhakar, Singhal, & Kulkarni, 1995). In most of these
works concerning starch or locust bean gum it was
shown that the addition of sucrose up to a concentration
of 30% in the aqueous polysaccharide dispersion in-
creases the viscosity of the mixture, whereas sucrose
incorporation beyond this level lead to decreased viscos-
ity. The behavior of starch-gum combinations in the
presence of sucrose (up to 30%) was explained by
Sudhakar et al. (1995) with respect to the two types of
interactions occurring in such a ternary system as previ-
ously identified by Elfak, Pass, Phillips, and Morley
(1977): (1) polymer—polymer interactions; (2) polymer—
solvent interactions. These authors reported that in a
starch—guar gum system and in the absence of sucrose
both interactions take place, giving rise to increased vis-
cosity with increasing gum content. However, in the
presence of sugar, polymer—polymer interactions are
favored as compared to polymer—solvent interactions
due to the preferential solvation of the co-solute. As su-
gar concentration increase, the polymer—polymer inter-
actions also increase, giving rise to higher cold paste
viscosity. In contrast, for starch-xanthan gum systems
the apparent viscosity of the starch paste containing

Logmat50s”

(b) salt (% w/w)

Fig. 3. Response surface pots for log of viscosity at 50 s~ of BGL140 sample vs. p-glucan and sucrose contents at 7.5 % w/w salt: (a) vs. p-glucan

and salt contents at 25% w/w sucrose (b).
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0.1% and 0.25% xanthan gum decreased with an in-
crease in sugar concentration from 10% to 30%; this re-
sponse was attributed to incomplete hydration of
starch—xanthan combinations at high sucrose levels. In
another study where the intrinsic viscosities of guar, na-
tive and purified LBG were recorded as a function of su-
crose concentration (0-40%), the 20% w/w sucrose, was
claimed to be the best solvent for these polysaccharides
(Richardson et al., 1998). It was suggested that at that
level the intrinsic viscosity took the maximum value as
a result of a balance of competition for water and su-
crose/biopolymer mutual compatibility, whereas at
40% w/w sucrose the intrinsic viscosity decreased due
to competition for water resulting in a tendency for pol-
ymer chain collapse.

Fig. 3b displays the effect of different B-glucan and
salt combinations on log of viscosity at 50 s~! with the
sucrose held constant at the middle level. At low levels
of B-glucan content, increasing salt concentration aug-
mented the response values (higher viscosities were
noted), while such a positive effect was not noticed at
high levels of the former factor, where the polysaccha-
ride becomes the major determinant of viscosity.

3.3. Effect of acid hydrolysis on apparent viscosity of two
barley p-glucan samples differing in molecular weight

The effect of the different acid hydrolysis conditions
(in coded level of variables) on the apparent viscosity
(n) of BGL140 and BGL250 at 37 and 1 s,
respectively, are revealed by the coefficients of the sec-

Table 4

Regression coefficients of the second order regression polynomial
model representing the viscosity of B-glucan samples BGL140 and
BGL250 following acid hydrolysis (analysis has been performed using
coded units)

Factors Viscosity (1) Viscosity (1)
for BGL140 for BGL250
at 37 s7! at 1s7!

Constant 0.637°" 10.3"

pH 0.037"" 0.628™"

Temperature —0.02"" —1.002"""

Time —0.030""" —~1.539"""

(pH)? —0.002 (NS) 0.034 (NS)

(Temperature)® —0.006 (NS) —0.182 (NS)

(Time)? 0.004 (NS) —0.427"

pH x Temperature —0.008 (NS) 0.225 (NS)

pH x Time 0.013" 0.310 (NS)

Temperature X Time —0.005 (NS) 0.052 (NS)

R? 0.945 0.94

F 19.1 17.5

Probability of F P < 0.0001 P <0.0001

Lack of fit 3.21 3.00

Probability of lack of fit 0.113 0.126

* P<0.05.
* P<0.01.

P <0.001.

ond order polynomials (Table 4) along with the corre-
sponding R® and F values. The analysis of variance
showed that the effects of acid hydrolysis on the re-
sponse variables (apparent viscosity of BGL140 and
BGL250) could be effectively modeled (probability of
F<0.001). Quite high R? values (0.955 and 0.94 for
the two models, respectively), as well as insignificant
lack of fit (p >0.05) were noted, indicating that the
two models adequately described the flow behavior of
these systems. For the B-glucan sample of low molecular
weight (BGL140) acid hydrolysis showed significant lin-
ear effects for all three independent variables, along with
a significant positive interaction between pH and time.
Comparing the absolute values of regression coefficients
for the model describing the variation in apparent vis-
cosity of BGL 140, one could conclude that acid hydrol-
ysis is highly dependent on pH, followed by the effects of
time, temperature and pH-time interaction. The same
treatment applied to the highest molecular weight sam-
ple led to similar conclusions. The viscosity of
BGL250 dispersions mainly depended on the linear ef-
fects of the three factors examined. The major difference
between the two models developed, was that a signifi-
cant negative quadratic effect of hydrolysis time ap-
peared to affect the variation in apparent viscosity of
the BGL250. In addition, no interaction effects among
the examined factors were observed. Time of heating
was identified as the most important factor (higher abso-
lute value of the regression coefficient) governing the vis-
cosity variations during acid hydrolysis of this high
molecular weight sample. Subsequently, there followed,
with decreasing order of significance, temperature and
pH linear effects, and finally the quadratic negative effect
of time. To aid visualization of apparent viscosity
dependence of B-glucan dispersions on the three operat-
ing factors during acid hydrolysis, three dimensional
plots for flow behavior of BGL250 sample are given in
Fig. 4. The positive linear effect of pH was obvious from
the small viscosity changes observed with pH for short
times of hydrolysis (Fig. 4(a)) or for low temperatures
(Fig. 4(b)). Larger were the viscosity drops with rising
temperature (negative linear effect), a fact that is con-
firmed by the steeper slopes of the surface contours on
the axis describing temperature variation. The curvilin-
ear effect of time suggests that viscosity values, begin-
ning from a maximum at short times, ended up in
much lower levels (both at high and low pH conditions)
when the temperature was held constant at a middle le-
vel (82.5 °C).

Generally, comparing the two models for the acid
hydrolysis, the most pronounced effects were observed
for the high molecular weight B-glucan sample. The ini-
tial high apparent viscosity of BGL250 dispersions,
compared with those of BGL140, finally reached at
lower values at the end of acid hydrolysis treatment.
Moreover, different were the dominant factors affecting
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n (Pas)

M (Pas)

Fig. 4. Response surface plots for apparent viscosity (17) of BGL250 sample (4% w/w, initial p-glucan concentration) after acid hydrolysisat 1 s ' asa
function of different pH and time levels at 82.5 °C: (a) as a function of different pH and temperature levels at a constant hydrolysis time of 39 min (b).

viscosity changes in the two models; i.e. pH and time for
BGL140 and BGL250, respectively. Consequently, the
influence of acid hydrolysis during thermal processing
of acidic food products containing -glucans on the rhe-
ology of the system would depend on the molecular size
of the polysaccharide.

4. Conclusions

Barley B-glucan aqueous dispersions underwent
morphological changes during freezing and repeated
freezing—thawing processing, resulting in the formation
of three dimensional network structures under either
acidic or neutral conditions. The developed cryostruc-
turates were of similar strength irrespective of the ini-
tial pH of the dispersion. The same cryogelation
process was also evaluated in the presence of sucrose.
There was a significant delay in the transition of B-glu-
can solution to a gel state, due to sucrose incorpora-
tion, especially for the preparations with neutral pH,
and the resultant cryogels were weaker. The viscosity,
at three different shear rates, of aqueous B-glucan dis-
persions containing different combinations of sucrose
and salt concentrations was satisfactorily described by
a second order regression model, using response sur-
face methodology. The observations put forward in
this study are important for understanding the flow
behavior of such multi-component systems, but further
research is needed for the detection of potential inter-
actions in the presence of fatty substances, trying to
mimic the conditions of a real food dispersion. Re-
sponse surface methodology was also used for the
expression of viscosity variations occurring during ther-
mal processing of acidic media containing B-glucans of
two different molecular weights. The viscosity reduc-
tions, as a consequence of acid hydrolysis were depend-
ent on pH, temperature and time, factors that were
well fitted in second order polynomial equations. Acid
hydrolysis was more pronounced for the high molecu-
lar weight sample, indicating potential differences in
the flow behavior of liquid products containing B-glu-

cans of different molecular size, during thermal

processing of acidic products.
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