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a b s t r a c t

This work constitutes a study of the impact of phase separation behaviour on the gels properties of a low
viscosity hydroxypropylmethylcellulose and whey protein concentrate (WPC) mixed system. The phase
separation was characterized by drawing the limit of thermodynamic compatibility, i.e. binodal curve, at
pH 6.5 and room temperature (25 �C). Gelling properties were studied under thermodynamic compat-
ibility (WPC 12% (w/w)/E50LV 0.25% (w/w) mixed system) and incompatibility conditions (WPC 12% (w/
w)/E50LV 4% (w/w) and WPC 20% (w/w)/E50LV 4% (w/w) mixed systems)

Under thermodynamic compatibility the WPC/E50LV mixed system shows gelling parameters similar
to WPC. Confocal scanning laser microscopy (CSLM) micrographs showed a regular pattern of micro-
domains of proteins imbibed into E50LV matrix.

Confocal microscopy of WPC/E50LV mixture under thermodynamic incompatibility offered details
about the constitution of continuous and non-continuous phase and characteristics of non-continuous
phase domains. Related to gelling parameters, the solid character upon heating was reinforced in mixed
systems since they reflected the concentrating effect arising from phase separation. On the other hand,
the solid character of gels upon cooling correlated with the component constituting the continuous
phase, and the gelation temperature was similar to polysaccharide-rich phase predicted gelation
temperature.

Regarding to textural properties, the presence of the polysaccharide diminished the hardness of the
mixed gels inducing less resistance to small and large deformation. WPC 20% (w/w)/E50LV 4% (w/w)
mixed gel presented an interesting particulated macrostructure. This result would find application in
food design and technology if the E50LV concentration is chosen to finely control the rate and extent of
WPC aggregation-gelation-particulation. These results could be used in microparticulation or microen-
capsulation application of whey proteins.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Proteins and polysaccharides are frequently present together
imparting a wide range of desirable features in food systems. They
contribute to the structure, texture and stability of food through
their thickening or gelling ability (Simonet, Garnier, & Doublier,
2000). However, the overall properties of these mixed systems
depend not only on the properties of the proteins and poly-
saccharides, but also on nature and strength of protein/poly-
saccharide interactions (Ercelebi & Ibanoglu, 2007).

Concerning to these interactions, the term `biopolymer
compatibility’ implies miscibility of different biopolymers on
a molecular level. The terms `incompatibility’ and `limited
compatibility’means a limited co-solubility of biopolymers that are
usually miscible either in a dilute solution or when they form
a soluble complex (Tolstoguzov, 2007). Incompatibility of unlike
macromolecules is rather the rule than an exception. Sufficiently
concentrated solutions of biopolymers slightly differing in chemical
composition and conformation are usually immiscible. From
a thermodynamic point of view, for small molecules the enthalpic
drive for segregation is normally outweighed by the entropic
advantage of intimate mixing (Fitzsimons, Mulvihill, & Morris,
2008). For polymers, however, where at equivalent mass concen-
tration, there are far fewer molecules free to move independently,
entropy of mixing is much less significant, andmixed systems often
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resolve spontaneously into two phases, each enriched in one
polymer and depleted in the other (Antonov, Losinskaya, Grinberg,
Dianova, & Tolstoguzov, 1979; Tolstoguzov, 1997)

Thermodynamic incompatibility gives same interesting benefits
as the reduction in the critical concentration to gel in mixed
systems (Baeza & Pilosof, 2001; Tolstoguzov, 1995); the formation
of non-equilibrium trapped structures that finds application in
terms of texture and flavour (Norton and Frith, 2001), thickeners,
fat substitutes, carriers of nutritional and taste components,
structural components in food products or matrices for controlled
drug release (Lorén & Hermansson, 2003).

Whey is a by-product of cheese productionwhich is usedmainly
as animal feed or released into the wastewater treatment process,
although it is rich in valuable components. It contains lactose,
minerals (e.g., calcium, magnesium, phosphorus), vitamins, non-
casein proteins (except glycomacropeptide), and traces of milk fat
(Yorgun, Balcioglu, & Saygin, 2008). Whey proteins have many
technological applications. The main proteins present are b-lacto-
globulin (b-lg), a-lactalbumin (a-lac) and bovine serumalbumin
(BSA) (Cayot & Lorient,1997) and they account for 75% of total whey
proteins. These proteins are responsible for the hydration capacity,
gelling, foaming and emulsifying properties of whey protein
concentrates (WPC) and isolates (WPI).

Hydroxypropylmethylcellulose (HPMC) is used in the food
industry, printing technology, and has pharmaceutical applications
because is nontoxic and possesses good mechanical properties. In
the pharmaceutical industry, HPMC has acquired special interest
for controlled drug-release matrices (Ford, 1999; McCristal, Ford, &
Rajabi-Siahboomi, 1997). The usefulness of HPMC is essentially
based upon four key attributes: efficient thickening, surface
activity, film forming ability, and the capacity to form thermal gels
that melt upon cooling. These interesting properties are given by
methyl substitutes along the cellulose backbone that constitute
strong hydrophobic zones and hydroxypropyl groups that are more
hydrophilic. Although several works have been focused on certain
properties of HPMC as water affinity (Ford & Mitchell, 1995; Fyfe &
Blazek, 1997; Tritt-Goc & Pislewski, 2002) and gelation (Sarkar &
Walker, 1995; Yoguchi, Urakawa, Kitamura, Ohno, & Kajiwara,
1995), there is scarce literature concerning their behaviour in
ternary systems, i.e. systems formed by water, proteins and HPMC.

The present work is part of an integral project undertaken to
characterize the behaviour of WPC/HPMC mixed systems. Impor-
tant aspects regarding to their potential application, in the scientific
as well in the technological fields, are (i) the definition of the limit
between compatible and incompatible mixed systems, under well
defined conditions (temperature, pH, ionic strength), (ii) the extent
of the incompatibility, (iii) their ability to generate new food
structures and textures, (iv) the possibility of study in a dynamic
way the mechanisms involved in the biopolymers concomitant
thermal gelation, (v) the application of a set of techniques to
elucidate the behaviour of these complex systems.

In a previous a work (Pérez, Wargon, & Pilosof, 2006) we have
studied the influence of a hydroxypropylmethycellulose of high
molecular weight (E4M), i.e. when dissolved gives high viscosity
solutions, on whey protein concentrate gelling properties under
thermodynamic incompatibility conditions (pH 7 and 25 �C). An
interesting founding was obtained regarding to the morphology of
some mixed gels that an exhibited coreeshell structure where the
core was constituted by gelled HPMC. The elastic modulus of mixed
gels was much higher than that of single WPC gels at the same
concentration, while hardness and relative viscoelasticity were
slightly decreased.

Considering the findings from Pérez et al. (2006), we propose in
the present work to characterize the phase separation behaviour of
mixtures ofWPC and E50LV, a low viscosity HPMC, and to study the

impact of this segregation on the dynamics of gelation and gel
properties of the mixed systems.

2. Materials and methods

2.1. Materials

Commercial food grade HPMC (E50LV; Dow Chemical, Findlay,
USA) was kindly supplied by Colorcon SA (Buenos Aires, Argentine).
It was used without further purification. According to the supplier,
this cellulose derivative has 29.1% methyl groups, 9.2% hydrox-
ypropyl groups, being the methyl/hydroxypropyl ratio 3.2%. The
viscosity, measured on 2% (w/v) aqueous solution at 20 �C, was
41 mPa s�1. Its averaged molecular weight was 18 kDa, and it had
a moisture content of 1.6%.

WPC powder was kindly given by Milka-Frank (Santa Fe,
Argentine). Its composition was: protein 78.9%; lactose 5%; fat 6%;
ash 4.3% and moisture 5.6%. All other chemical reagents used were
of analytical grade.

2.2. Preparation of stock solutions

WPC80 (40%, w/w) and HPMC (10%, w/w) stock solutions were
prepared by adding each component (as powders) to distilled water
and mixing (WPC at 25 �C and HPMC at 85 �C) using a magnetic
stirrer within a cell (50 ml) having external temperature control
from a thermostatic bath (model Polystat 12108-15, ColeeParmer
Instrument, Vernon Hills, USA) for 2 h in order to ensure a complete
dissolution of the components. After preparation, stock solutions
were stored at 4 �C. They were heated up to room temperature
prior to the experiments.

2.3. Preparation of binary solutions

Binary solutions of WPC/HPMC were prepared by mixing care-
fully weighed amounts of stock solutions in order to obtain systems
with concentrations of WPC 6e20% (w/w) and E50LV 0.25e4% (w/
w). Systems were mixed with a magnetic stirrer at 25 �C for 4 h to
allow an homogeneous distribution of the components. The pH of
mixtures was 6.5 (pH meter model A920, ORION RESEARCH, Bev-
erly, USA) and it was not adjusted.

2.4. Phase diagram determination

Phase diagram was established at pH 6.5 and 25 �C, and it was
constructed by determining the transition from single to two-
phase system of blends with WPC 6e20% (w/w) and E50LV 0.5e4%
(w/w). In order to ensure phase separation the mixtures were
centrifuged in 15 ml graduated plastic tubes at 13,000� g in
a centrifugemodel 5810 R from Eppendorf (Hamburg, Germany) at
room temperature (25 �C), up to complete phase separation The
volumes of separated lower phases (VL) and upper phase (VU) were
visually determined. The protein concentration in lower phase,
rich in protein, was determined by the Kjeldhal method as outlined
in AOAC (1995). Briefly, samples were digested using a heating
block model 1009 Digester from Tecator AB (Höganäs, Sweden)
and their total nitrogen content was determined using an auto-
matic distillation unit model Kjeltec Auto 1030 Analyzer, also from
Tecator AB. Final protein concentration was calculated using
a factor of 6.25. The protein content of upper phase (XU) was
determined by the difference between the total protein content in
the sample (also determined by Kjeldhal method) and that
determined in the lower phase (XL). The polysaccharide concen-
tration in the lower, rich protein phase (YL), and in the upper, rich
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polysaccharide phase (YS), were calculated according to the
following equation (Pérez et al., 2006),

YL;U ¼ ½ � ðaY0 þ Y0Þ=ðaX0 þ X0Þ�aXL;U þ ðaY0 þ Y0Þ (1)

which represents the straight line passing through initial concen-
tration coordinates of each mixture (X0, Y0), and through coordi-
nates defining the upper phase composition (XU, YU) and the lower
phase composition (XL, YL). The slope (a) is defined by volume ratio
of phases (VL/VU). The complete assay was performed in triplicate,
and the average and standard deviation of all variables were
recorded. Then, the binodal curve was obtained by gathering
together each tie-line points corresponding to the initial concen-
tration of each mixed system, using OriginPro software v8.0 from
OriginLab Corp. (Northampton, USA).

2.5. Differential scanning calorimetry

Differential scanning calorimetry was used to determine the
onset temperature (Tonset) and peak temperature (Tpeak) involved in
HPMC chains dehydration. Thermal analysis was performed using
a DSC 822 from MettlereToledo calorimeter (Schwerzenbach,
Switzerland). The instrument was calibrated with indium
(156.6 �C), lead (327.5 �C) and zinc (419.6 �C). Thermograms were
evaluated using the STARe Thermal Analysis System software v3.1
also from MettlereToledo. The thermal parameters were deter-
mined by heating 60 ml of each sample in 160 ml capacity pans from
5 to 100 �C at 10 �C/min. An empty pan was used as reference. The
average and standard deviation from at least two replicates were
reported.

2.6. Dynamics of gelation and viscoelasticity

Dynamic oscillation measurements were performed in a MCR
300 controlled stress rheometer from Paar Physica (Graz, Austria).
WPC solutions, E50LV solutions or their mixtures were poured onto
the bottom plate of a parallel plate measuring system, gap 1 mm.
The temperature of the bottom plate was controlled with a Peltier
system model Viscotherm VT2, also from Paar Physica, and liquid
silicone was applied to the exposed surfaces of the sample to
prevent evaporation. During gelation experiments, the frequency
was 1 Hz and the strainwas kept constant at 0.01%, a value found to
be in the linear viscoelastic region. The samples were heated from
20 to 90 �C at a rate of 10 �C/min, then kept at 90 �C during 15 min,
which was enough time to allow G0 equilibration and then cooled to
20 �C at 25 �C/min. The storage modulus (G0), the loss modulus (G00)
and the damping factor (tan d) were recorded over time. The
temperature at which the storage modulus (G0) and the loss
modulus (G00) crossed over was taken as the gelation temperature
(Tgel). Experiments were performed at least in triplicate, and the
average and standard deviation of all variables were reported.

2.7. Confocal scanning laser microscopy

Images of WPC/E50LV aqueous mixtures were recorded by an
FV300 CLSM from Olympus Corp. (Tokyo, Japan) equipped with
a vertical microscope model BX61 also from Olympus, used in the
single photon mode with an Ar/HeNe visible light laser. The
following Olympus objective lenses were used: UplanFl 10X/0.3NA/
dry and UplanFl 10X/0.5NA/dry. Non-covalent labeling of protein
was performedwith few drops of rhodamine B solution 0.02% (w/v)
(excitation wave length 560 nm; emission maximum 625 nm).
Digital image files were acquired in multiple.tif format in
1024�1024 and 512� 512 pixel resolutions by FluoView� image
acquisition software v3.3 also from Olympus Corp.

2.8. Texture properties

WPC and WPC/E50LV mixed gels for texture analysis were
prepared in glass cylinders (13 mm diameter� 55 mm height)
containing 2 ml of sample. Then, these samples were heated for
20 min at 90� 0.1 �C and stored at 4 �C overnight. A texture profile
analysis was performed at 25 �C in a Texture Analyzer model TA-
XT2i from Stable Microsystems (Godalming, UK) using a cylindrical
probe (P/36R 36 mm diameter). Cylindrical specimens of the gels
(13 mm diameter� 11 mm height) were compressed to 30% of the
initial height at a compression rate of 0.5 mm/s. For each sample
the hardness and springiness were recorded. The assay was per-
formed in triplicate, and the average and standard deviation were
reported.

2.9. Statistical analysis

All mean and standard deviations were calculated using Excel
2007 software form Microsoft Corp. (Redmond, USA).

3. Results and discussion

3.1. WPC/E50LV phase diagram

Protein and polysaccharide mixtures at neutral pH are generally
unstable and upon a critical biopolymer concentration they sepa-
rate in a protein-rich and a polysaccharide-rich phase (Tolstoguzov,
2003). Fig. 1 shows the phase diagram, for the ternary systemWPC-
E50LV-water, at 25 �C and pH 6.5.

It can be seen that the binodal curve is very close to axis which
means that the compatibility zone is relatively small and phase
separation takes place in a broad range of concentrations. More-
over, phase diagram is asymmetrical reflecting the competition
between both biopolymers for water, which in turn is caused by
differences in molecular weight and hydrophilicity (Zhuravskaya,
Kiknadze, Antonov, & Tolstoguzov, 1986a; Zhuravskaya, Kiknadze,
Antonov, & Tolstoguzov, 1986b). The tie lines connect the binodal
points representing coexisting phase compositions and the
measured volumes of each phase are proportional to the segment

Fig. 1. Phase diagram for WPC/E50LV mixtures at room temperature (25 �C) and pH
6.5. The solid line is the binodal curve; 10/3, 12/4, 15/4 and 20/4 represent original
concentrations (% (w/w)) of WPC/E50LV in these mixed systems; F: phase separation
threshold.
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length that determines it. The point F is the phase separation
threshold for a given biopolymer pair, i.e. the minimal total
concentration of biopolymers required for phase separation to
occur. In this case, F values corresponded to 7.5% (w/w) of protein
and 2.5% (w/w) of E50LV.

In general terms, a phase diagram describes the behaviour of
two polymer-one solvent systems with different ratios of these
components. Thus, it allows making the illustration of the complex
interactions in proteinepolysaccharideewater ternary systems
(Clark, 2000; Doublier, Garnier, Renard, & Sanchez, 2000). More
specifically, the binodal curve constitutes the limit between
compatible and incompatible mixtures. The position of this limit
depends on the intensity of the interactions (i) between
biopolymer1-biopolymer2, (ii) between equal biopolymer mole-
cules, and (iii) between biopolymers and solvent, i.e. differences in
the biopolymers hydrophilicity. At a moderate total biopolymer
concentration, the separation of the mixed system into two phases
depends on the biopolymer charge, pH, ionic strength, being the
entropy the main factor driving the phenomena (Alves, Antonov, &
Gonçalves, 1999).

Others factors that have remarkable influence on the binodal
curve position, bringing it closer to the concentration axes
(increasing the incompatibility), are: i) the molecular weight and
molecular structural stiffness increase; ii) the globular proteins
denaturation provoked by hydrophobicity and the enhancement of
molecular size by peptidic chains aggregation (pre-gelation), iii) the
higher salts concentrations with the concomitant ionic strength
increase, and iv) the higher temperature (Tolstoguzov, 2007). The
displacement of the curve could also be influenced by the poly-
saccharide, since the linear types are less compatible than the
branched (HPMC belongs to this last category) (Grinberg &
Tolstoguzov, 1997).

3.2. Phase behaviour of selected mixtures for gelation studies

From the phase diagram three mixed systems were selected to
study the gelation behaviour: WPC 12% (w/w)/E50LV 0.25% (w/w)
(non phase-separated system, under the binodal curve), WPC 12%

(w/w)/E50LV 4% (w/w) and WPC 20% (w/w)/E50LV 4% (w/w) (both
phase-separated systems, above the binodal).

Confocal microscopy images showing the microstructure of
these mixed solutions upon mixing at 25 �C can be seen in Fig. 2.
The interpretation of the CLSM images is based on the difference in
the intensity of the fluorescent signal between the protein and the
polysaccharide. Fig. 2a displays the microscopic appearance ofWPC
12% (w/w)/E50LV 0.25% (w/w) mixed system, which is located
inside the compatible region (below the binodal of Fig. 1). A
homogeneous pattern (non separated domains) can be observed.
Moreover, as expected, this system did not show any macroscopic
phase separation.

The other two mixtures which lay in the incompatibility region
(above the binodal) separated into two phases, a polysaccharide-
rich upper phase and a protein-rich lower phase. Table 1 shows the
polysaccharide and protein composition of WPC and E50LV-rich
phases, as well as their percentage volumes. The WPC 12% (w/w)/
E50LV 4% (w/w) mixed system segregated into an E50LV-rich phase
accounting for by 64% of total volume and a WPC-rich phase with
36% of volume. Contrarily, the WPC 20% (w/w)/E50LV 4% (w/w)
mixed system segregated into an E50LV-rich phase representing
33% of total volume and aWPC-rich phase representing 67% of total
volume.

The microstructure during the demixing process of these
systems, shown in Fig. 2bec, corroborates that phase-inversion
took place. Thus, it can be seen that the microstructure of WPC
12% (w/w)/E50LV 4% (w/w) mixed system consisted of protein
domains in a continuous dark E50LV phase (Fig. 2b), while WPC
20% (w/w)/E50LV 4% (w/w) mixed system showed a microstruc-
ture with E50LV inclusions (dark domains) into a continuous WPC
phase (Fig. 2c). Typically the minor (lower volume) phase will
exist as droplets in the major phase. Hence, as the composition of
the system changes, a phase-inversion occurs where the contin-
uous and droplets phase are swapped (Norton & Frith, 2003).
Strictly speaking, there is a region of phase-inversion (or a range
of concentrations) over which a more complex, bicontinous or
droplet-within-droplet structures are seen. Moreover, the extent
of this phase-inversion region for biopolymer mixtures is

Fig. 2. CSLM pictures of WPC 12% (w/w)/E50LV 0.25% (w/w) (a), WPC 12% (w/w)/E50LV 4% (w/w) (b), and WPC 20% (w/w)/E50LV 4% (w/w) (c) aqueous mixed systems at room
temperature (25 �C) and pH 6.5 (image width 200 mm).

Table 1
Composition and volume of segregated phases from WPC/E50LV mixed systems.

Initial mixed system
composition
(% (w/w))

WPC-rich-phase E50LV-rich-phase

WPC E50LV Protein (% (w/w)) E50LV (% (w/w)) Volume (%) Protein (% (w/w)) E50LV (% (w/w)) Volume (%)

12 4 15.7� 0.2 1.30� 0.02 36.0� 0.5 3.0� 0.1 5.7� 0.2 64.0� 0.4
20 4 26.5� 0.3 0.80� 0.01 67.0� 0.2 2.0� 0.1 8.7� 0.2 33.0� 0.2

Mean� SD, n¼ 3.
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generally much broader than in the case of O/W emulsion (Norton
& Frith, 2001).

Similar results were found for mixed systems of gelatin/malto-
dextrin (Norton & Frith, 2003), high methoxyl pectin/whey protein
isolate (Kim, Decker, & McClements, 2006), locust bean gum/
caseinate (Norton & Frith, 2001) and skimmed milk/locust bean
gum (Schorsch, Jones, & Norton, 1999).

3.3. Gelation dynamics of single components

Considering single WPC solutions upon heating, an increase of
G0
eq (the plateau value of G0 at 90 �C) was observed with increasing

concentration from 12 to 32% (w/w) (Table 2). Concerning to this,
Fernandes (1994) found that WPC solutions showed a gradual
increase of G0 with concentration and a small G0 dependence on
oscillation frequency. Table 2 also shows that gelation temperatures
(Tgel) determined by the cross over of G0 and G00 moduli upon time
(Fig. 3aeb), decreased by 7 �C when WPC concentration increased
from 12 to 32% (w/w). This result agrees well with former studies
(Puyol, Perez, & Horne, 2001). Aggregation of protein molecules at
neutral pH takes place throughout thioledisulfide reactions leading
to SeS bridges formation (Hoffmann & VanMil, 1999). These reac-
tions leading to gel formation are favored at higher protein
concentrations (Verheul, Pedersen, Roefs, & Kruif, 1999).

E50LV is a kind of hydroxypropylmethylcellulose of low
viscosity; in turn hydroxypropylmethylcellulose belongs to a bigger
family of cellulose derivatives, the so-called methylcelluloses (MC).
These compounds comprise cellulose ethers with methyl substi-
tution and with or without additional functional substituents
(Coffey, Bell, & Henderson, 1995). A complete characterization of
HPMC gelation was previously done by Pérez et al. (2006), who
used several techniques in order to describe the thermal events
occurring upon heating HPMC solutions (pH 7). In short, most of
the works in the literature agrees with a two-step mechanism for
the gelation process. The first, called pregel-regime, involves
hydrophobic interactions that lead to clusters formation. Kato,
Yokoyama and Takahashi (1978) have proposed that the pregel-
regime is mainly determined by the aggregation of the most
hydrophobic domains of HPMC chains, i.e. trimethylglucose units
that act as cross-linking loci on heating. This association results in
the increase of the size of hydrophobic aggregates.

The second stage or gel-regime corresponds to the gelation (i.e.
network formation) that occurs at higher temperatures and it is
commonly associated with phase separation (Kobayashi, Huang, &
Lodge, 1999; Yoguchi et al., 1995). According to Kato et al. (1978)
the second stage involves hydrophobic association of less hydro-
phobic domains, i.e. di and mono-methylglucoses. Clusters grow
up to form crystallites, which would cause phase separation
(Yoguchi et al., 1995). The presence of crystallites had been

Table 2
Gelation parameters of WPC obtained by dynamic rheometry.

WPC (% (w/w)) Tgel (�C) G0
eq (Pa)

12 82.2� 1.0 151.1� 1.2
15 81.6� 2.0 632.2� 2.0
20 81.0� 2.0 2184.4� 0.5
32 75.5� 1.0 26558.4� 1.3

Mean� SD, n¼ 3.
Tgel is the gelation temperature.
G0
eq is the plateau value of G0 at 90 �C.

Fig. 3. Evolution of storage modulus (G0) and loss modulus (G00) upon heating and
cooling of WPC 12% (w/w) solution (a), WPC 20% (w/w) solution (b), and E50LV 4% (w/
w) solution (c). Arrows indicate the gelation temperature (Tgel) or melting point (Tf) in
the case of E50LV. Temperature: ( ); G0: (B); G00: (C).

Table 3
Events occurring upon heating of E50LV 4% (w/w) solution.

E50LV

Cloud-point (�C) 30.0� 1.0
Parameters describing the

dynamic of gelation
Tgel (�C) 55.1� 1.0
Tm (�C) 38.2� 0.5
G0
eq (Pa) 47.2� 2.0

DSC parameters Tonset (�C) 56.5� 0.4
Tpeak (�C) 65.6� 0.4

Mean� SD, n¼ 3.
Tgel is the gelation temperature.
Tm is the melting temperature.
G0
eq is the plateau value of G0 at 90 �C.

Tonset is the temperature at the start of the endothermic transition.
Tpeak is the peak temperature of the endothermic transition.

F. Jara et al. / Food Hydrocolloids 24 (2010) 641e651 645
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Fig. 4. Evolution of storage modulus (G0), loss modulus (G00) and damping factor (tan d) upon time and temperature for the mixed systems: WPC 12% (w/w)/E50LV 0.25% (w/w) (a),
WPC 12% (w/w)/E50LV 4% (w/w) (b), and WPC 20% (w/w)/E50LV 4% (w/w) (c). Arrows indicate the gelation temperature (Tgel). G0: ( ); G00: (C); tan d: (6); temperature: ( ).
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confirmed by X-ray diffraction (Kato et al., 1978) and by micro-
calorimetry (Yoguchi et al., 1995). In this last case, two endo-
thermic peaks were observed in the thermograms when cooling
HPMC gels. The peak close to 60 �C belongs to the dissolution of
two separated phases and that close to 50 �C to the melting of
crystalline clusters. Pregel to gel regime transition have been
observed around 50 �C by Kobayashi et al. (1999). Further theorical
studies support the exposed interpretation of HPMC gelation
(Tanaka, 1996). Different experimental techniques were used in the
present work to characterize the phenomena occurring upon
heating E50LV solutions; these events were not affected by poly-
saccharide concentration. Table 3 summarizes the thermal
parameters determined for 4% (w/w) E50LV aqueous solution.
According to Kobayashi et al. (1999), during the first stages of
heating a transition from transparent to turbid solutions is
observed. The temperature corresponding to this transition, the
cloud-point, is 30 �C and indicates the beginning of aggregation by
means of hydrophobic interactions. In solution, HPMC is hydrated
with water molecules surrounding the hydrophobic groups form-
ing the so-called cage-like structures (Kobayashi et al, 1999). There
are little polymer-polymer interactions other than simple entan-
glements. As the temperature increases, molecules adsorb trans-
lational energy and gradually lose their hydration water, resulting
in a decrease in solutions viscosity. Eventually, polymerepolymer
associations take place, due to hydrophobic interactions, causing
cloudiness in solution and then an infinite network structure
formation (Sarkar & Walker, 1995).

By DSC, E50LV chains dehydration could be determined as an
endothermic transition starting (Tonset) at 56.5 �C (Table 3). Ther-
mograms displayed a broad endothermic transition (data not
shown), which has been attributed to HPMC polydispersity (Pérez
et al, 2006; Sarkar & Walker, 1995). The higher dehydration rate,
which corresponds to the peak temperature (Tpeak) of the endo-
therms was observed at 65.6 �C.

Fig. 3c shows the evolution of G0 and G00 upon time for 4% (w/w)
E50LV solution. First of all, a decrease in G0 values were observed
which is related to cellulose chains dehydration, i.e. cage-like
structure disorganization by increasing the hydrophobic groups
interactions. Temperature corresponding to a fast increase of G0

values indicated the Tgel. It was found to be about 55 �C, which was
coincident with the onset for E50LV chain dehydration observed by
DSC (Table 3). This result indicates that concomitantly to E50LV
dehydration, hydrophobic cluster formation occurs leading to
a primary gel network formation at Tgel. This temperature coincides
with the gel point detected by a tilting-test, which determines the
temperature where the gel structure is fully developed and
the resulting gel does not flow upon tilting (Pérez et al., 2006). After
the gel point, G0 increased up to a G0

eq value of 47.2 Pa (Table 3).
Finally, the E50LV melting temperature (Tm) was observed at

around 38 �C (Table 3) as a cross over of G0 and G00 curves upon
cooling (Fig. 3c).

3.4. Gelation dynamics of mixed systems

3.4.1. Gelation temperatures
Firoozmand, Murray and Dickinson (2009) performing small-

deformation rheological experiments on gelatine/oxidized starch
mixtures found that the microstructure and the rheology of these
mixtures depend both on the system composition and on the
components distribution within system microstructure. In turn,
these factors are related to the formation of the polymer network
by intermolecular annealing processes taking place during thermal
processing. In the present work however, a major source of
complexity during the early stages of thermal processing is the
time-dependent character of the biopolymer local concentrations:
this means that the compositions of the protein-rich and poly-
saccharide-rich domains in the resulting gel microstructure are not
precisely known. Likewise, Jara and Pilosof (2009) determined, by
thermal analysis and confocal microscopy, that thermal properties
of WPC/HPMC partially phase-separated co-dried mixtures
depended mainly on the morphology and degree of phase separa-
tion of the corresponding aqueous mixture.

Thus, in the absence of a working model concerning to the
relationship between the polymers composition, their distribution
withinmixed systemmicrostructure and the rheological behaviour,
any quantitative analysis or discussion about this seems to be
unjustified. However, we could infer some qualitative trends con-
cerning to the relationship between the gelation temperature (Tgel)
and the biopolymer ratio in the WPC/HPMC mixed systems. Then,
we applied simple mathematical models (linear equations) to
estimate a value of this parameter from the mixture composition,
and compare it with the experimental values.

The experimental gelation temperatures (Tgel) of the three
mixed systems are indicated in Fig. 4aec. For the homogeneous
mixture WPC 12% (w/w)/E50LV 0.25% (w/w) the gelation temper-
ature was related to its composition using the following equation,

TgelðMIXÞ ¼ XWPC$TgelðWPCÞ þ XE50LV$TgelðE50LVÞ (2)

where Tgel (MIX) is the gelation temperature of the mixed system,
Tgel (WPC) and Tgel (E50LV) are the gelation temperatures of the
individual components, and XWPC and XE50LV are their weight
fractions.

The estimated Tgel was 81.6 �C which is close to the experi-
mental value, 79.3 �C (Table 4). For each one of the phase-separated
mixed systems, two gelation temperatures were estimated: one for
the WPC-rich phase and another for the E50LV-rich phase on the
basis of their protein and polysaccharide compositions (Table 1).
The equations used were the following,

TgelðEÞ ¼ XWPCðEÞ$TgelðWPCÞ þ XE50LVðEÞ$TgelðE50LVÞ (3)

TgelðWÞ ¼ XWPCðWÞ$TgelðWPCÞ þ XE50LVðWÞ$TgelðE50LVÞ (4)

Table 4
Gelation temperature of WPC/E50LV mixed systems.

Initial mixed system
composition (% (w/w))

Experimental Predicted

WPC E50LV Tgel (�C)a Tgel (MIX) (�C) Tgel (E) (�C) Tgel (W) (�C)

12 0.25 79.3� 0.2 81.6 e e

12 4 60.5� 0.4 e 65.9 80.5
20 4 60.0� 2.0 e 61.1 81.6

Tgel (MIX) is the Tgel value estimated with equation (2).
Tgel (E) and Tgel (W) are the Tgel estimated using equations (3) and (4) for the E50LV and WPC rich phases, respectively.

a Mean� SD, n¼ 3.
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where Tgel (E) and Tgel (W) are the gelation temperatures of E50LV
and WPC-rich phases, respectively, Tgel(WPC) and Tgel(E50LV) are
the gelation temperatures of the individual components, and
XWPC(W), XE50LV(W) are the weight fractions of WPC and E50LV in
the WPC-rich phase, while XE50LV(E), XWPC(E) are the weight frac-
tions of E50LV and WPC in the E50LV-rich phase. Thus, the esti-
mated Tgel of the WPC-rich phase for both mixed systems was
around 80 �C, while the estimated Tgel for E50LV-rich phase was
65.9 �C or 61.1 �C for the WPC 12% (w/w)/E50LV 4% (w/w) or WPC
20% (w/w)/E50LV 4% (w/w)mixed systems, respectively (Table 4). It

can be seen that the experimental Tgel which were around 60 �C for
both mixed systemwere similar to the estimated Tgel of the E50LV-
rich phase. These results point out that the experimental Tgel is
the one that corresponds to the segregated phase with the lower
Tgel, i.e. the incipient E50LV-rich phase.

Therefore, these results point out certainly the existence of
a quantitative relationship between the protein/polysaccharide
composition, the phase separationmicrostructuremorphology, and
the gelation temperature of the WPC/HPMC mixed systems.

3.4.2. Evolution of elastic and viscous moduli upon heating and
cooling

The rheological behaviour of WPC 12% (w/w)/E50LV 0.25% (w/
w) mixed system (located below the binodal curve of Fig. 1) can be
seen in Fig. 4a. It was similar to that obtained for WPC 12% (w/w)
(Fig. 3a) because the low E50LV concentration does not produce any
significant influence on the rheological properties of the formed
gel.

The dynamic behaviour observed for WPC 12% (w/w)/E50LV 4%
(w/w) and WPC 20% (w/w)/E50LV 4% (w/w) mixed systems (both
located above the binodal curve) is shown in Fig. 4bec, respectively.
WPC 20% (w/w)/E50LV 4% (w/w) mixed system (Fig. 4c) presented
a behaviour like that observed for the WPC (Fig. 3b). Contrarily, the
rheological behaviour of WPC 12% (w/w)/E50LV 4% (w/w) mixed
system (Fig. 4b) was similar to E50LV behaviour (Fig. 3c). Such
a behaviour can be accounted for by the nature of the continuous
phase since it was constituted by WPC in the WPC 20% (w/w)/
E50LV 4% (w/w) mixed system (Fig. 2c) or by E50LV in theWPC 12%
(w/w)/E50LV 4% (w/w) mixed system (Fig. 2b). Although this last
mixed system did not show any melting of E50LV upon cooling,
a decrease of G0 with a simultaneously increase of tan d were
observed (Fig. 4b), being this rheological behaviour indicative of an
incipient melting of E50LV.

Fig. 5 shows the solid character (G0) evolution upon heating time
of each WPC/E50LV mixed systems jointly with G0 for single
components. Upon time, G0 tends to an equilibrium value ðG0

eqÞ,
which was reached around 18 min for each sample.

For the mixed system located in the miscibility region, WPC 12%
(w/w)/E50LV 0.25% (w/w), the G0 behaviour was mainly deter-
mined byWPC due to E50LV concentration in this mixed systems is
too low to produce significantmodification on the solid character of
the formed gel (Fig. 5a).

The behaviour for the mixed systems located within the
incompatibility region is showed in Fig. 5b (WPC 12% (w/w)/E50LV
4% (w/w)) and Fig. 5c (20% WPC (w/w)/E50LV 4% (w/w)). A syner-
gistic effect on G0 can be seen for WPC 12% (w/w)/E50LV 4% (w/w)

Fig. 5. G0 time evolution of mixed systems: WPC 12% (w/w)/E50LV 0.25% (w/w) (a),
WPC 12% (w/w)/E50LV 4% (w/w) (b), and WPC 20% (w/w)/E50LV 4% (w/w) (c)
compared to single components. WPC: (-); E50LV: (:); mixed systems: ( )

Fig. 6. Solid character upon cooling ðG0
35 �CÞ for WPC 12% (w/w)/E50LV 0.25% (w/w),

WPC 12% (w/w)/E50LV 4% (w/w) and WPC 20% (w/w)/E50LV 4% (w/w) mixed gels
compared to single WPC gel. Error bar indicate the standard deviation of G0

35 �C.
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mixed system. Thus, G0
eq values increased twice for this mixed

system (303.2 Pa) in comparison to 12% (w/w) single WPC gelling
solution (151.1 Pa) (Fig. 5b). In the case of 20%WPC (w/w)/E50LV 4%
(w/w) mixed system the G0

eq did not show any synergistic effect
since it was 2184.4 Pa while single 20% (w/w) WPC gave 2132.1 Pa.
However this mixed system showed a synergistic effect onto G0 at
the beginning of gelation (Fig. 5c). The synergistic interactions
would be attributed to segregative phase separation taking place
before gelation (Pérez et al., 2006; Simonet et al., 2000). Besides
phase separation, other important factor contributing to the
synergistic effect seen on G0

eq values would be the thermal gelation
of polysaccharide, reinforcing the global solid character of the
mixed gelling system. Contrarily, the lack of synergistic effects
would obey to the high initial protein bulk concentration that
allows a fast aggregationegelation even before a significant phase
separation could occur, and the further contribution of the gelling
polysaccharide to the solid character upon heating is not really
important (Tolstoguzov, 1995).

Fig. 6 shows the solid character of WPC/E50LV mixed systems
upon cooling ðG0

35 �CÞ compared to single components. In the WPC
12% (w/w)/E50LV 0.25% (w/w)mixed system G0

35 �C had a behaviour
similar to G0

eq. Because it wasmainly determined byWPC due to the
low E50LV concentration. On the other hand, for segregated mixed
systems G0

35 �C was principally determined by the nature of the
continuous phase which was constituted by the WPC-rich phase in
WPC 20% (w/w)/E50LV 4% (w/w) or HPMC-rich phase in WPC 12%
(w/w)/E50LV 4% (w/w) mixed systems, respectively (Fig. 2).

It is worth to notice that G0
35 �C for WPC 12% (w/w)/E50LV 0.25%

(w/w) and WPC 20% (w/w)/E50LV 4% (w/w) mixed systems was
higher than G0

eq (Figs. 5 and 6) which indicates the network
strengthening occurring upon cooling, with the development of
reversible physical interactions, i.e. hydrogen bonds and ionic
interactions (Paraskevopoulou & Kiosseoglou, 2000).

On the contrary, the G0
35 �C of WPC 12% (w/w)/E50LV 4% (w/w)

mixed system was lower than G0
eq indicating a gel network weak-

ening as a consequence of the incipient E50LV melting (Figs. 5 and
6). Concerning to this, Tolstoguzov (1997) pointed out that the solid
character of the mixed gel would be ruled by the polysaccharide
when it was the continuous phase of the demixed system.

The values of the damping factor upon cooling (tan d20�C) of the
three WPC/E50LV mixed systems compared with single compo-
nents are shown in Fig. 7. This parameter is a measurement of the
relative viscoelasticity of the system. It presented a behaviour
according to the results obtained for the solid character upon
cooling, G0

35 �C (Fig. 6). Thus, theWPC 12% (w/w)/E50LV 0.25% (w/w)
mixed system presented a relative viscoelasticity similar to WPC
12% (w/w) gel. The WPC 12% (w/w)/E50LV 4% (w/w) mixed system
was less elastic (more viscous) than WPC 12% (w/w) gel as
a consequence of the incipient E50LV melting. Finally, theWPC 20%
(w/w)/E50LV 4% (w/w) mixed system was more elastic (solid-like)
than WPC 20% (w/w) gel because of the strengthening of the gel
network described above. Again, this behaviour observed for the

Fig. 7. Damping factor upon cooling (tan d20�C) for WPC 12% (w/w)/E50LV 0.25% (w/w),
WPC 12% (w/w)/E50LV 4% (w/w) and WPC 20% (w/w)/E50LV 4% (w/w) mixed gels
compared to single WPC gel. Error bar indicate the standard deviation of tan d20�C.

Fig. 8. Macroscopic view of WPC 12% (w/w) gel (a), WPC 12% (w/w)/E50LV 0.25% (w/w) mixed gel (b), WPC 12% (w/w)/E50LV 4% (w/w) mixed gel (c), WPC 20% (w/w) gel (d), and
WPC 20% (w/w)/E50LV 4% (w/w) mixed gel (e).
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two last mixed systems is related to the nature of the continuous
phase which was constituted by E50LV in the first mixed system
and by WPC in the second

3.5. Macrostruture and textural properties of mixed gels

The macroscopic aspect of WPC/E50LV mixture gels and WPC
single gels are shown in Fig. 8. It is noteworthy that none of these
gels presented syneresis. Fig. 8b shows the appearance of WPC 12%
(w/w)/E50LV 0.25% (w/w) gel. It is a self-supporting, cohesive and
non-opaque gel, similar to single WPC 12% (w/w) gel (Fig. 8a).
Increasing the polysaccharide concentration, i.e. WPC 12% (w/w)/
E50LV 4% (w/w), a non-self-supporting gel was obtained (Fig. 8c).
As it was mentioned before, E50LV-rich-phase constituted the
continuous phase in this mixed system (Fig. 2b). Thus, the incipient
E50LV melting that took place upon cooling (Fig. 4b) produced the
weakening of the gel matrix.

Contrarily, the continuous phase of WPC 20% (w/w)/E50LV 4%
(w/w) mixed systemwas constituted by the protein, being the solid
character of the gel determined by WPC. Thus, the resulting gel
(Fig. 8e) was a self-supporting-opaque gel similar to single WPC
20% (w/w) gel (Fig. 8d). However, the mixed gel showed a particu-
late macrostructure because the gelled protein-continuous-phase
kept trapped the gelled E50LV domains upon cooling. This gel was
more firm than the other mixed gels.

Textural assays of mixed gels, showed that the presence of 0.25%
(w/w) of E50LV did notmodify their hardness or springiness (Fig. 9a
and b, respectively), since these textural parameters were similar to
those of WPC 12% (w/w) gel. Moreover, independently whether
E50LV formed the continuous phase (WPC 12% (w/w)/E50LV 4% (w/
w)) or the dispersed phase (WPC 20% (w/w)/E50LV 4% (w/w)) the
hardness of mixed gels strongly decreased as compared to single
WPC gels (Fig. 9a). As was suggested by Rosell and Foegeding

(2007), HPMC could interfere with protein association and its
further aggregation during heating, likely occupying the space of
the protein in the network. Finally, the springiness of mixed
systems was slightly affected by E50LV (Fig. 9b).

4. Conclusions

This study has shown that the ternary systems WPC/HPMC/
water behave as a water-in-water emulsion, where the micro-
structure is clearly dictated by the phase volume ratio. In turn, we
found that the microstructure determinates the rheological
behaviour of the mixed systems. The solid character of gels kept
correlationwith the component constituting the continuous phase,
while gelation temperature reflected the gelation of the phase with
the lowest Tgel, i.e. the polysaccharide-rich phase. Thus, the differ-
ence between the rates of phase separation and gelation
phenomena will have a great influence in the final gel structure.

Finally, the knowledge of whey proteins/HPMC interactions
would be a key element for formulating and the controlling quality
of manufactured foods, and the development of novel food
processes. Thus, our findings may have a variety of novel applica-
tion within the food industry, for example to create novel textures
or appearances, for producing reduced fat products, or for micro-
encapsulation and realease of bioactive food components.
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