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a b s t r a c t

The aim of this study was to evaluate the effect of electrostatic interaction between egg white protein
(EW) and pectin in a high sugar content system (80 wt% total solid) on the foaming properties (density,
overrun and stability) and foam rheological properties. A central composite rotatable design was carried
out to study the effects of biopolymer concentration (1.40e5.60%, w/w) and EW:pectin ratio (7:1e63:1)
on the apparent viscosity before whipping, foaming capacity (density and overrun) and foam rheological
properties (storage modulus G’, loss modulus G” and phase angle d) of sugar/EW/pectin mixtures at pH
3.0. The apparent viscosity increased as biopolymer concentration increased while EW:pectin ratio had
no significant effect (p>0.10) on this response. At 7:1 EW:pectin ratio, the mixture presented low foaming
capacity, resulting in foam with less solid character and low stability, possibly due to the pectin excess in
the system. At 49:1 EW:pectin ratio, the mixture showed higher foaming capacity and foam elasticity.
The formation of soluble complexes between EW and pectin possibly increased the continuous phase
viscosity and enhanced the foam stability by slowing liquid drainage.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Food foam is formed by air, liquid and surface-active agent such
as proteins (Kinsella, 1981). The formation of air bubbles modifies
the texture and the rheological properties of aerated food
(Campbell & Mougeot, 1999).

In the confectionery industry, aeration is used to obtain prod-
ucts such as nougat, marshmallow, chews and pulled sugar. The
density of these products varies between 0.2 and 1.0 g/mL. In
aerated confectionery, foams are produced by aeration of a mixture
of sugar syrups and proteins. Egg white protein (EW) is the most
widely used surface active agent for production of marshmallows
and nougats (Jackson, 1995). Polysaccharides are also used due to
analysis of variance; CCRD,
s; G00 , loss modulus; d, phase

ahira), protimiza@protimiza.
(M. Akhtar), B.S.Murray@
etto).
their thickening and gelling properties; their addition to foam can
improve stability because they control the rheology and network
structure of the continuous phase (Dickinson, 2003, 2008).

Pectin is a carboxylated anionic polysaccharide of high molec-
ular weight. Its functional properties depend on the degree of
esterification (DE). High-methoxyl pectins (�50% DE) require high
sugar concentration and low pH to form gels, whereas low-
methoxyl pectins form gels in the presence of calcium (Dickinson,
2003; Akhtar, Dickinson, Mazoyer, & Langendorff, 2002).

Proteins and polysaccharides contribute to food structural and
textural properties due to their aggregation and gelation properties
(Benichou, Aserin, Lutz, & Garti, 2007). Mixtures of polysaccharide
and protein solutions can exhibit one of the three behaviours:
miscibility, complex coacervation and thermodynamic in-
compatibility. Miscibility usually occurs at low biopolymer concen-
trations. Coacervation takes place due to attractive interactions
between protein and polysaccharide leading to the formation of
soluble and/or insoluble complexes. Thermodynamic incompatibility
results in a separation into two distinct phases, due to the limited
thermodynamic compatibility between proteins and poly-
saccharides in aqueous solution (Dickinson, 2003; Doublier, Garnier,
Renard, & Sanchez, 2000; Rodríguez Patino & Pilosof, 2011).
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Electrostatic interaction between a positively charged protein,
where pH < pI (pI ¼ protein isolelectric pH) and a negatively
charged polysaccharide (pH >> pKa of the polysaccharide acidic
functional groups) can result in soluble and/or insoluble complex
formation (Benichou et al., 2007; Dickinson, 2008). The physico-
chemical parameters that influence the electrical charge of protein
and polysaccharide and the electrostatic complex formation are:
pH, ionic strength, temperature, protein:polysaccharide ratio and
total biopolymer concentration (Schmitt & Turgeon, 2011). Studies
have shown that the electrostatic interaction between pectin (pKa ~
2.9e3.5) and EW (pI ~ 4.5e4.9) are effective in increasing foam
stability in aqueous solution (Ibanoglu & Erçelebi, 2007; Surh,
Decker, & McClements, 2006; Ralet, Dronnet, Buchholt, &
Thibault, 2001; Sadahira, Lopes, Rodrigues, & Netto, 2014).

Foam stability is affected by creaming, drainage, dispropor-
tionation and coalescence (Damodaran, 2005; Walstra, 2003).
Stability is an important property for aerated products because the
foam structure must be maintained during additional processing
and shelf-life (Foedgeding, Luck, & Davis, 2006). Density difference
between dispersed phase (air) and the continuous phase (aqueous
phase) leads to creaming. The liquid drainage from the lamella film
is followed by the approach of bubble surface leading to coales-
cence. Even the drainage and coalescence are reduced, diffusion of
gas from small to large bubbles with different internal pressures
can occur. This process causes shrinkage of small bubbles and
expansion of large bubbles and it is called disproportionation
(Murray & Ettelaie, 2004; Murray, 2007).

It has been shown that neutral complexes of b-lactoglobulin-
pectin, b-lactoglobulin-Acacia gum and ovalbumin-pectin build
dense viscoelastic interfacial networks at the airewater interface
leading to low gas permeability and increasing foam stability. Total
biopolymer concentration and proteinepolysaccharide ratio are
physicochemical parameters that influence electrical charge within
the range of pHwhere both biopolymers have opposite charges and
can form electrostatic complexes (pKapolysaccharide < pH < pIprotein)
(Ganzevles, Zinoviadou, van Vliet, Cohen, & de Jongh, 2006;
Kudryashova, Visser, van Hoek, de Jongh, 2007; Liz et al., 2006).

Aerated confectioneries are produced using boiled sugar syrup
and proteins; therefore, the aim of this study was to evaluate the
effect of electrostatic interaction between EW and pectin in a high
sugar content system on the foaming properties (density, overrun
and stability) and foams rheological properties.

2. Material and methods

2.1. Material

Sucrose (Tate & Lyle, UK) was purchased from a local super-
market (Leeds). Glucose syrup (40 D.E., 83 wt% total solid) and
invert sugar syrup (80 wt% total solid) were kindly donated by
Brenntag UK & Ireland (Leeds, UK) and by British Sugar (Peter-
borough, UK), respectively. These sugars were used to prepare the
multicomponent model systems of sugars. Dried egg white protein
(EW) was supplied by Saltos Alimentos LTDA (Salto, Brazil) and low
methoxyl pectin (GENU Pectin type LM CG-22, degree of esterifi-
cation 47,2%, molecular weight 90 kDa) by CPKelco (Grossenbrode,
Germany) were used to prepare the biopolymer blends. EW rep-
resented, on a wet basis, 79.9 ± 1.2% of protein 10.20 ± 0.02% of
moisture and 5.64 ± 0.22% ash, determined according to method-
ologies described by AOAC (2010). SDSePAGE analysis (Laemmli,
1970) of EW showed an eletrophoretic profile with bands of 77.7,
44.5 and 14.3 kDa that correspond to conalbumin, ovalbumin and
lysozyme, respectively. The other chemicals used were of analytical
grade, the fluorescence dye Rhodamine B purchased from Aldrich
(Dorset, UK) and Milli-Q water was used in all experiments.
2.2. Preparation of solutions and foams

The composition of the sugar mixture used as a model system to
evaluate the foaming and rheological properties in aerated prod-
ucts was sucrose (42.5 wt% total sugar solid) þ glucose syrup
(42.5 wt% total sugar solid)þ invert sugar (15wt% total sugar solid).
This sugar mixture resulted in foams with characteristics similar to
aerated confectionery products such as marshmallow, with a
density between 0.25 g/mL and 0.50 g/mL and a water activity
range 0.778e0.665 (Jackson, 1995; Wills, 1998).

The sugar mixture (500 g) was heated in a beaker via a hot-plate
stirrer to reach 80 wt% total solids then was cooled to beating
temperature, 70 �C. The biopolymers, in appropriate amounts for
each trial condition (Table 1), were hydrated together in 36 g of
water with magnetic stirring for 1 h at room temperature. The pH
was adjusted to 3.0 with 4 mol L�1 citric acid.

The sugarsmixture (at 70 �C) and EW/pectin blendweremixed in
a Kitchen Aid 5KPM5 stand mixer (Havant, UK) with a flat beater for
1 min at speed setting 4. Then, the sugar/EW/pectin mixture was
whipped using a whisk beater operating at speed setting 10 under
atmospheric pressure for 6 min.

A Central Composite Rotatable Design CCRD (22 factorial design
with 4 trials under the axial conditions and 3 repetitions at the
central point) totaling 11 trials (Table 1) (Rodrigues & Iemma, 2015)
was carried out to evaluate the effect of total biopolymer concen-
tration (w/w%) and EW:pectin ratio (w/w) on apparent viscosity of
sugar/EW/pectin mixture before whipping, foaming capacity (den-
sity and overrun) for fresh foam and rheological properties (G’, G”
and d at 1 Hz) for fresh foamand foam aged for 24 h. From the results,
second-order models were obtained and evaluated statistically by
analysis of variance (ANOVA) using the software Statistica 7.0 (Stat-
soft, USA).

To evaluate the effect of EW:pectin ratio on foaming properties
(density, overrun and stability), trials were carried out under the
best experimental conditions from CCRD to obtain good foamability
(low density, high overrun) and solid character (high G’ value, low
d value) at different EW:pectin ratio under the model validation
conditions (total biopolymer concentration, 80% total solid, 70 �C
and pH 3.0). The results were analyzed for differences between
means by Student t test (p<0.05). The model validation was per-
formed under the same conditions.
2.3. Foaming properties

2.3.1. Foaming capacity: density and overrun
Foaming capacity was studied by measuring density and over-

run. Cylindrical containers (35.43 ± 0.21 mL) were carefully filled
up with foam. The top of the container was leveled with a metal
spatula to achieve a uniform and plane surface to obtain constant
volume. The weight of foam was recorded and then the foam
density and overrun were calculated as follows.

Density
� g
mL

�
¼ mf

volume of cylindrical container
(1)

whereas overrun is defined by (Lau & Dickinson, 2004):

Overrun ð%Þ ¼
100

�
mi �mf

�

mf
(2)

where mi is the mass of the initial solution (unwhipped sample) and
mf is the mass of the whipped sample with the same volume of mi.



Table 1
Design matrix for CCRD with independent variables biopolymer concentration, EW:pectin ratio and results for responses apparent viscosity (h) of sugar/EW/pectin mixture
before whipping at 10 s�1, density (r), overrun, rheological properties (G’, G” and d, at 1 Hz) for fresh foam and foam aged for 24 h, at pH 3.0.

Trial Total Biopol. conc. (%w/w) EW:pectin ratio h (Pa.s) r (g/mL) Overrun (%) Fresh foam Foam aged for 24 h

G” (Pa) G” (Pa) d (�) G’ (Pa) G” (Pa) d (�)

x1 x2 y1 y2 y3 y4 y5 y6 y7 y8 y9

1 �1 (2.00) �1 (15:1) 7.69 0.48 137.9 2075.5 1509.5 36.61 878.6 1365.0 57.23
2 1 (5.00) �1 (15:1) 26.05 0.56 125.5 751.8 868.9 49.29 455.3 762.2 59.20
3 �1 (2.00) 1 (55:1) 5.69 0.38 229.5 6003.0 2053.0 19.04 1233.3 1033.4 39.98
4 1 (5.00) 1 (55:1) 23.81 0.44 175.1 3258.5 1646.0 27.49 1263.3 1072.8 40.36
5 �1.41 (1.40) 0 (35:1) 5.20 0.45 177.7 1873.5 1221.0 34.38 674.5 1067.3 57.74
6 1.41 (5.60) 0 (35:1) 22.34 0.44 180.5 2524.0 1473.5 30.84 1109.5 1131.0 45.59
7 0 (3.50) �1.41 (7:1) 8.37 0.64 95.9 368.4 598.1 58.49 411.9 662.0 58.10
8 0 (3.50) 1.41 (63:1) 10.42 0.36 234.1 7105.0 2576.0 20.27 1751.7 1351.0 37.63
9 0 (3.50) 0 (35:1) 8.66 0.37 210.5 6292.5 2450.0 22.25 1801.0 1588.3 41.40
10 0 (3.50) 0 (35:1) 8.91 0.37 211.3 5526.5 1915.0 19.54 1500.8 1192.1 38.25
11 0 (3.50) 0 (35:1) 8.71 0.36 220.1 5686.5 2159.5 21.52 1482.3 1186.4 38.62

( ) true values of the independent variables for each level; Total Biopol. conc.: total biopolymer concentration; G’: elastic modulus; G”: viscous modulus; d: phase angle.
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2.3.2. Bubble size distribution
Microscopic observations of the EW/pectin in high sugar con-

tent system foams were obtained using a Leica confocal scanning
laser microscope (model TCS SP2, Heidelberg, Germany) equipped
with an Ar/HeNe laser and 10x objective lens (HC PL APO CS
20 � 0.7 DRY). The fluorescence dye Rhodamine B (0.1% in water)
was used to stain the protein. Rhodamine B was excited at 50% of
maximum absorption at 488 nm, and the detection bandwidth was
set from500 to 600 nm. Fresh foam samplewas placed into thewell
and then the dye (0.1 mL) was added. The well was covered with a
cover slip and the images were recorded after 24 h.

Bubble size distributions were obtained by analyzing the CLSM
images using Image J software. For each sample, 1000 bubbles were
measured. Mean bubble size was characterized by average bubble
diameter d32 defined by Eq. (3).

d32 ¼
X
i

di3
.X

i

di2 (3)

2.3.3. Liquid drainage
Foam samples were poured into plastic containers and kept in

closed plastic box at 25 �C. The liquid drainage was followed during
10 days by visual observation and registered by photographs.

2.4. Rheology

The rheological properties were measured using a controlled
stress rheometer (Kinexus, Malvern Instruments Limited, Worces-
tershire, UK) and a parallel-plate geometry (65 mm flat plate) at
25 �C. The analyses were carried out in 3 repetitions.

Apparent viscosity of sugar/EW/pectin mixture before whipping
was measured over a range of shear rate (0.5e100 s�1), using a gap
of 1 mm, according to previous studies with glucose syrup and
honey (Schellart, 2011).

The viscoeslatic modulus (storage modulus G’, loss modulus G”
and phase angle d) of the foam were measured under small oscilla-
tory deformation and the gap was 3 mm. The gap was selected to
avoid crushing or destroying the gas bubbles (Zmudzinsk et al.,
2014). Strain sweep tests (0.001e0.100%) were carried out at a fre-
quency of 1 Hz to determine the linear viscoelasticity region. Then,
the foam samples were also subjected to a frequency sweep from 0.1
to 10 Hz at constant strain amplitude (0.02%) within the linear
viscoelastic region of each sample. All the measurements were
carried out immediately after the foam preparation and after 24 h of
storage at 25 �C. For each trial, the measurements were performed in
triplicate.
3. Results and discussion

3.1. Apparent viscosity, foaming capacity and rheological properties
of high sugar system/EW/pectin mixtures

In order to evaluate the foaming capacity and foam rheological
properties of high sugar content system with EW and pectin, a
CCRD was carried with independent variables total biopolymer
concentration and EW:pectin ratio at pH 3.0. From the results
shown in Table 1, the regression coefficients were calculated and
mathematical models were built for the responses: apparent vis-
cosity of sugar/EW/pectin mixtures before whipping at 10 s�1 (the
shear rate range is 10e103 for mixing process in food industry,
according to Steffe (1996), foaming capacity (density and overrun)
and rheological properties (G’, G” and d at 1 Hz) for fresh foam and
foam aged for 24 h. ANOVA was used to evaluate the adequacy of
the fitted model (Table 2).

The viscosity-shear rate relationship for sugar/EW/pectin mix-
tures beforewhipping and frequency sweep data for fresh foam and
foam aged for 24 h from trials of Table 1 are shown in Fig. A.1 and
Fig. A.2, A.3, A.4, A.5 (Appendix A), respectively.

The flow curves of sugar/EW/pectin mixtures before whipping
were fitted to a power-law model, s ¼ K _gn. Where s is the shear
stress, _g is the shear rate, K and n (power law index) are fitted
parameters. The values of the power-law index, n, are shown in
Table A.1 (Appendix A). For Trials 1, 3, 5, 7, 8, 9,10 and 11, the n value
were close to unity. Trials 2, 4, 6 were thinning shear fluids (n<1).
The thinning shear behaviour of the fluids increased with
increasing biopolymer concentration.

Foams aged for 24 h presented G00 values in a narrow range
(1033.4e1588.3 Pa), which is within the experimental error with
exception of Trials 2 and 7 (lower values of G”).

Therefore, for this response, the values of R2 and Fcalculated indicate
that is not possible to obtain a model and contour curve (Table 2).

The wide range of values for the responses apparent viscosity,
density, overrun, G0 and d of fresh and 24 h aged foams indicate that
independent variables affect significantly the responses. The R2 and
Fcalculated (Table 3) are adequate to obtaining a second order model
for: apparent viscosity before whipping, foaming capacity (density
and overrun) and rheological properties (G’, G” and d) for fresh



Table 2
Percentage of variance explained (R2), calculated F (Fcalc.) value and tabulated F (Ftab.) for the responses apparent viscosity (h) of sugar/EW/pectin mixtures before whipping,
density (r), overrun, rheological properties (G’, G” and d) for fresh foam and foam aged for 24 h, by analysis of variance (ANOVA).

Response R2 (%) Fcalc. F*tab. Equation

Apparent viscosity (h) (Pa.s) 88.0 29.43 4.46 y1 ¼ 10.04 þ 7.60x1 þ 3.18x12

Density (r) (g/mL) 90.0 20.49 4.35 y2 ¼ 0.37 þ 0.03x12�0.08x2 þ 0.07x22

Overrun (%) 90.0 21.34 4.35 y3 ¼ 213.98 � 18.76x12 þ 42.13x2 � 25.85x22

Fresh foam G' (Pa) 89.0 18.87 4.35 y4 ¼ 5834.88 � 1810.93x12 þ 1997.55x2 � 1037.36x22

G” (Pa) 81.0 10.00 4.35 y5 ¼ 2174.61 - 401.96x12 þ 515.22x2 � 281.36x22

d (�) 90.0 20.84 4.35 y6 ¼ 21.11 þ 5.03x12 � 11.69x2 þ 8.44x22

Foam aged for 24h G' (Pa) 87.0 15.01 4.35 y7 ¼ 1594.82 � 359.97x12 þ 382.62x2 � 264.50x22

G” (Pa) 30.0 — — No regression coefficient was statistically significant (p > 0.10)
d (�) 90.0 20.1 4.35 y9 ¼ 39.42 þ 6.00x12 � 8.14x2 þ 4.09x22

x
1
, x

2
: coded independent variables for total biopolymer concentration and EW:pectin ratio, respectively. —: there is no regression coefficient.
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foam and foam aged for 24 h as a function of total biopolymers
concentration (x1), EW:pectin ratio (x2), within the experimental
conditions studied (Equations y1-4, y6-7, y9).

The equations shown in Table 2 were used to generate the
contour curves for the dependent variables (Fig. 1). The apparent
viscosity of sugar/EW/pectin mixture before whipping increased
with increasing biopolymer concentration. The EW:pectin ratio had
no significant effect (p>0.10) on this response (Fig. 1a). At
biopolymer concentrations between 3.0 and 4.0% (w/w) and
EW:pectin ratio from 40:1 to 63:1, the mixtures showed high
foaming capacity (low density and high overrun value), and the
foam elastic and solid behaviour. On the other hand, with
increasing relative pectin concentration (EW:pectin ratio < 35:1)
the foaming capacity decreased and the foam became less elastic
(lower value of G0) and less solid (high value of d) (Stanley, Goff, &
Smith, 1996; Thakur, Vial, & Djelveh, 2008). Possibly, EW:pectin
ratios lower than 35:1 lead to formation of insoluble complexes
between the biopolymers, resulting in reduced protein availability
which may hinder the incorporation of air (Schmidt, Novales, Bou�e,
& Axelos, 2010). In the region of low density and high overrun
(Fig. 1b,c), G’ and d values of fresh and 24 h aged foams were higher
(5000e6000 Pa) and lower (20e24�), respectively, compared to the
high density and low overrun regions (Fig. 1deg). Thus, air incor-
poration enhances the elastic and solid behaviour of foam.

The evaluation of the contour curves (Fig. 1) showed that to
obtain foam with optimum properties (low density, high overrun,
high G0 value, low d value) the best conditions were a total
biopolymer concentration 3.5% w/w and EW:pectin ratio 49:1.
3.2. Effect of EW:pectin ratio on foaming properties

At pH 3.0, the pH is below the EW pI (4.5) and above the pKa of
Table 3
Predicted values (Pred.), experimental values (Exp.) and relative error (RE ¼ (Exp. e Pr
mixture (total biopolymer concentration 3.5 w/w% and EW:pectin ratio of 7:1 (Trial A) or 4
G” e d at 1 Hz) of fresh and aged for 24 h foam.

Trial h (Pa.s) Density (g/mL) Overrun (%) Fresh foam

G’ (Pa) G” (Pa

A (Exp.) 9.15 ± 1.10a 0.66 ± 0.03a 91.6 ± 8.6a 327.1 ± 58.3a 556.8
A (Pred.) 10.40 0.62 103.2 956.0
A (RE %) �9.7 5.8 �12.6 �192.3

B (Exp.) 9.40 ± 1.64a 0.37 ± 0.00b 198.9 ± 8.8b 6894.7 ± 509.8b 2323.8
B (Pred.) 10.40 0.35 230.8 6724.9
B (RE %) 6.8 5.9 �16.0 2.5

Values are mean ± SD of triplicates, except to h, G0 and G00 of fresh sample that are mean þ SD of duplicates. For the

test; apparent viscosity of sugar/biopolymers mixture (h), Density (r), overrun, rheological properties of fresh sample
the pectin carboxylate groups. Thus the negatively charged pectin
may interact with the positively charged protein, leading to elec-
trostatic complex formation. Since protein:polysaccharide ratio is
one of the parameters that influences complex formation (Schmitt&
Turgeon, 2011), to evaluate the effect of the EW:pectin ratio on
foaming and rheological properties, experiments with total
biopolymer concentration 3.5 w/w% and EW:pectin ratio of 7:1 (Trial
A) or 49:1 (Trial B)were carried out.Model validationwas carried out
under these conditions and the results are shown in Table 3.

Most of the results were close to predicted values. However, for
foams under Trial A conditions (EW:pectin ratio 7:1), relative errors
for G0 values of fresh foam and foam aged for 24 h were 35 and 192%,
respectively. The model did not fit at low G’ value (327.1 and
391.8 Pa), possibly due to high instability of the foam, which caused
difficulties to performing the experimental measurements.

The apparent viscosity of sugar/EW/pectin mixtures from Trial A
and B did not exhibit statistically significant difference (p>0.05).
This result corroborates with the previous finding - that EW:pectin
ratio had no effect on the mixture viscosity (Table 2 and Fig. 1a).

Under Trial A conditions, the foaming capacity was lower than in
Trial B. The low overrun obtained under Trial A (EW:pectin 7:1)
conditions indicates reduced air bubble formation, which resulted
in a more viscous behaviour (G” > G’), and low solid character (high
d value) (Table 3). On the other hand, foam from Trial B (EW:pectin
49:1) presented higher foaming capacity, elastic behaviour and
solid character (low d value) (Table 3).

The bubble size distributions of foams obtained under Trial A and
B conditions are showed in Fig. 2c and d, respectively. Foam from
Trial A presented awider bubble size distribution than the foam from
Trial B. As can be observed in Fig. 2e, foam obtained with lower
EW:pectin ratio (Trial A) presented creaming and liquid drainage
after 10 days of storage at 25 �C. Foam prepared under Trial B
ed.)/Exper.*100)) for the responses apparent viscosity at 10 s�1 of sugar/EW/pectin
9:1 (Trial B)) before whipping, and foam density, overrun, rheological properties (G’,

Foam aged for 24h

) d (�) G’ (Pa) G” (Pa) d (�)

± 58.3a 60.34 ± 1.60a 391.8 ± 18.6a 583.2 ± 74.9a 55.98 ± 2.13a

54.37 529.5 59.03
9.9 �35.1 �5.4

± 189.7b 18.53 ± 0.25b 1595.1 ± 259.2b 1089.5 ± 127.4b 34.41 ± 1.91b

17.06 1733.1 35.73
7.9 �8.6 �3.8

same response, mean with different small letters in the same column differ significantly (p <0.05) by Student t

and sample aged for 24 h (elastic modulus G0 , viscous modulus G00 and phase angle d). RE ¼ Relative error (%).



Fig. 1. Contour curves for the dependent variables apparent viscosity (h) of mixture of sugars and biopolymers (y1) before whipping (a), density (y2) (b), overrun (y3) (c), rheological
properties of fresh sample G’ (y4) (d) e d (y6) (f) and sample aged for 24 h G’ (y7) (e) and d (y9) (g).
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conditions showed smaller bubble size variation (Fig. 2d) suggesting
greater stability than under Trial A conditions and no drainage was
observed after 10 days (Fig. 2f). However, foam from Trial B exhibited
a bimodal bubble size distribution indicating that disproportionation
(gas diffusion from smaller bubble to larger bubble) occurred.

Since rheological properties are related to the structure, rheo-
logical behaviour may be used to correlate with foam stability. Tan
d is defined as the ratio between viscous and elastic modulus (G”/
G)’. When G’ > G” (tan d < 1 or d < 45�) the material may be
considered solid-like whereas when G’ < G” (tan d > 1 or d > 45�) it
may be considered as a fluid (Rao, 1999; Upadhyay, Ghosal, &
Mehra, 2012). According to Fig. 3, fresh foam and foam aged for
24h under Trial A and Trial B conditions presented viscous behav-
iour (G” > G0, d > 45�) and solid-like behaviour (G’ > G00, d < 45�),
respectively. Therefore, viscous behaviour led to lower foam sta-
bility than elastic behaviour. In spite of foam under Trial B condi-
tions presenting the highest stability, the G0 relative decrease after
24 h (G'initial e G0 after 24 h) � 100/G0 initial) is about 77%, indi-
cating an increase of bubble size through disproportionation, while
the G0 relative decrease after 24h is about 20% for foam under Trial
A conditions.

Sugar/EW/pectin mixtures (Trials A and B) before whipping
exhibited phase separation (Fig. 4) which can be explained by the
thermodynamic incompatibility because of the competition for the



Fig. 2. Confocal microscopy images (after 24h) (a, b), bubble size distribution (c, d) and photographs (after 10 days) (e, f) of foams with total biopolymer concentration 3.5% w/w
(80% total solid, 70 �C and pH 3.0) where Trial A (EW:pectin ratio 7:1) and Trial B (EW:pectin 49:1).
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solvent among the macromolecules (Tolstoguzov, 1986, 1997). Un-
der Trial A condition (EW:pectin ratio 7:1), it is suggested that
complex coacervation did not occur whilst phase separation did
occur: two layers were formed, the top one opaque containing
mainly EW and a clear bottom one containing sugar and pectin due
to the pectin being in excess. Under Trial B conditions, a turbid
bottom layer was obtained, indicating soluble complex formation.
The greater stability of foam from Trial B is possibly because the
soluble complexes are dispersed in the sugar syrup, increasing the
apparent viscosity of continuous phase and enhancing the foam
stability related to liquid drainage (Fig. 2f). On the other hand,
under Trial A conditions (EW:pectin ratio 7:1) there is an excess of
negative charge from pectin, inhibiting the building up of an
adsorbed protein layer at interface, leading to lower foam capacity
and stability (Fig. 2e). Possibly, under the same total biopolymer
concentration (3.5% w/w) of Trial A and B, EW:pectin ratios be-
tween 15:1 and 35:1 favor the insoluble complex formation, which
may facilitate the development of a viscoelastic interfacial network
at the airewater interface. This network, with lower gas perme-
ability, may lead to greater stability by hampering disproportion-
ation (Sadahira, Lopes, Rodrigues, & Netto, 2014).
4. Conclusions

At pH 3.0, sugar/EW/pectin mixtures with biopolymer concen-
trations between 3.0 and 4.0% (w/w) and EW:pectin ratio from 40:1
to 63:1 presented high foaming capacity, and the resulting foams,
elastic and solid behaviour. With increasing pectin concentration
(EW:pectin ratio < 35:1) the foaming capacity decreased and the
foam became less elastic and solid, within the studied range. At



Fig. 3. Dynamic frequency sweep of Trial A and B. Total biopolymer concentration 3.5 w/w% (80% total solid, 70 �C and pH 3.0) where Trial A (EW:pectin ratio 7:1) and Trial B
(EW:pectin 49:1).

Fig. 4. Phase separation of sugar/EW/pectin mixture before whipping obtained under Trial A and Trial B conditions. Total biopolymer concentration 3.5 w/w% (80% total solid, 70 �C
and pH 3.0) where Trial A (EW:pectin ratio 7:1) and Trial B (EW:pectin 49:1).
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EW:pectin ratio 7:1, the sugar/EW/pectinmixtures beforewhipping
exhibited phase separation, not coacervate formation, due to an
excess of pectin e a top opaque layer forming containing mainly
EW and a clear bottom layer containing sugar and pectin. Under
these conditions, the foaming capacity was low and the foams
showed viscous behaviour and low stability (creaming and liquid
drainage). At EW:pectin ratio 49:1, higher foaming capacity, foams
with elastic and solid behaviour and greater stability than at
EW:pectin ratio 7:1 were obtained. Formation of soluble complexes
between EW and pectin increases the apparent viscosity of foam
continuous phase and enhances its stability to liquid drainage.
However, the foams (EW:pectin ratio 49:1) still exhibited
disproportionation.
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Appendix A



Fig. A.1. Flowcurves for sugar/EW/pectinmixtures beforewhippingof trials fromTable 1.

Fig. A.2. Frequency sweep of fresh and aged for 24 h foams of Trial 1, 2 and 3 from
Table 1. Elastic modulus G’, Viscous modulus G” and phase angle d are shown.

Fig. A.3. Frequency sweep of fresh and aged for 24 h foams of Trial 4, 5 and 6 from
Table 1. Elastic modulus G’, Viscous modulus G” and phase angle d are shown.
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Fig. A.4. . Frequency sweep of fresh and aged for 24 h foams of Trial 7, 8 and 9 from
Table 1. Elastic modulus G’, Viscous modulus G” and phase angle d are shown.

Table A.1
Power law index n, K and R2 of trials for sugar/EW/pectin mixtures before whipping
of trials from Table 1.

Trial K n R2

1 8.61 0.95 1.00
2 62.18 0.62 0.97
3 6.69 0.94 1.00
4 63.80 0.60 0.98
5 5.84 0.95 1.00
6 59.09 0.62 0.99
7 10.52 0.90 1.00
8 11.68 0.93 1.00
9 10.58 0.93 1.00
10 10.74 0.91 1.00
11 10.62 0.91 1.00

Fig. A.5. . Frequency sweep of fresh and aged for 24 h foams of Trial 10, 11 from Table 1.
Elastic modulus G’, Viscous modulus G” and phase angle d are shown.

M.S. Sadahira et al. / Food Hydrocolloids 58 (2016) 1e10 9
References

Akhtar, M., Dickinson, E., Mazoyer, J., & Langendorff, V. (2002). Emulsion stabilizing
properties of depolymerized pectin. Food Hydrocolloids, 16, 249e256, 2002.

AOAC.. (2010). Official methods of analysis of AOAC International (18th ed.). Gai-
thersburg, USA: Association of Official Methods Analytical Chemists.

Benichou, A., Aserin, A., Lutz, R., & Garti, N. (2007). Formation and characterization
of amphiphilic conjugates of whey protein isolate (WPI)/xanthan to improve
surface activity. Food Hydrocolloids, 21, 379e391.

Campbell, G. M., & Mougeot, E. (1999). Creation and characterisation of aerated food
products. Trends in Food Science & Technology, 10, 283e296.

Damodaran, S. (2005). Protein stabilization of emulsions and foams. Journal of Food
Science, 70, R54eR66, 2005.

Dickinson, E. (2003). Hydrocolloids at interfaces and the influence on the properties
of dispersed systems. Food Hydrocolloids, 17, 25e39.

Dickinson, E. (2008). Interfacial structure and stability of food emulsions as affected
by protein-polysaccharide interactions. Soft Matter, 4, 932e942.

Doublier, J., Garnier, C., Renard, D., & Sanchez, C. (2000). Protein-polysaccharide
interactions. Current Opinion in Colloid & Interface Science, 5, 202e214.

Foegeding, A. E., Luck, P. J., & Davis, J. P. (2006). Factors determining the physical
properties of protein foams. Food Hydrocolloids, 20, 284e292.

Ganzevles, R. A., Zinoviadou, K., van Vliet, T., Cohen Stuart, M. A., & de Jongh, H. H. J.
(2006). Modulating surface rheology by electrostatic protein/polysaccharide
interactions. Langmuir, 22, 10089e10096.

Ibanoglu, E., & Erçelebi, E. A. (2007). Thermal denaturation and functional proper-
ties of egg proteins in the presence of hydrocolloid gums. Food Chemistry,
101(2), 626e633.

Jackson, E. B. (1995). Sugar confectionery manufacture (2nd ed.). London: Black Ac-
ademic and Professional.

Kinsella, J. (1981). Functional properties of proteins: possible relationships between
structure and function in foams. Food Chemistry, 7(4), 273e288.

Kudryashova, E. V., Visser, A. J. W. G., van Hoek, A., & de Jongh, H. H. J. (2007).
Molecular details of ovalbuminepectin complexes at the air/water interface: a
spectroscopy study. Langmuir, 23, 7942e7950.

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the-
head of bacteriophage T4. Nature, 227, 680e685.

Lau, K., & Dickinson, E. (2004). Structural and rheological properties of aerated high
sugar systems containing egg albumen. Journal of Food Science, 69, E232eE239.

Liz, C. C. C., Petkova, V., Benattar, J. J., Michel, M., Lese, M. E., & Miller, R. (2006). X-
ray reflectivity studies of liquid films stabilized by mixed b-lactoglobu-
lineAcacia gum systems. Colloids and Surfaces A: Physicochemical and Engi-
neering Aspects, 282e283, 109e117.

Murray, B. S. (2007). Stabilization of bubbles and foams. Current Opinion in Colloid &
Interface Science, 12, 232e241, 2007.

Murray, B. S., & Ettelaie, R. (2004). Foam stability: proteins and nanoparticles.
Current Opinion in Colloid & Interface Science, 9, 314e320.

Ralet, M., Dronnet, V., Buchholt, C., & Thibault, J. F. (2001). Enzymatically and
chemically de-esterified lime pectins: characterisation, polyelectrolyte behav-
iour and calcium binding properties. Carbohydrate Research, 336, 117e125.

Rao, M. A. (1999). Rheological behavior of processed fluid and semi solid foods. In
M. A. Rao (Ed.), Rheological behavior of processed fluid and semi solid foods:
Principles and applications (pp. 105e108, 244-254). Gaithersburg, Maryland:
Aspen Publishers Inc.

Rodrigues, M. I., & Iemma, A. F. (2015). Experimental design and process optimization
(1st ed.). Boca Raton: CRC Press.

Rodríguez Patino, J. M., & Pilosof, A. M. R. (2011). Proteinepolysaccharide in-
teractions at fluid interfaces. Food Hydrocolloids, 25(8), 1925e1937.

Sadahira, M. S., Lopes, F. C. R., Rodrigues, M. I., & Netto, F. M. (2014). Influence of
proteinepectin electrostatic interaction on the foam stability mechanism.
Carbohydrate Polymers, 103, 55e61.

Schellart, W. P. (2011). Rheology and density of glucose syrup and honey: deter-
mining their suitability for usage in analogue and fluid dynamic models of
geological processes. Journal of Structural Geology, 33(6), 1079e1088.

http://refhub.elsevier.com/S0268-005X(16)30037-6/sref1
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref1
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref1
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref2
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref2
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref2
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref3
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref3
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref3
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref3
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref4
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref4
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref4
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref4
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref5
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref5
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref5
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref6
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref6
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref6
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref7
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref7
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref7
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref8
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref8
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref8
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref8
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref9
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref9
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref9
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref10
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref10
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref10
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref10
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref11
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref11
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref11
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref11
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref12
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref12
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref12
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref13
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref13
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref13
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref14
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref14
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref14
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref14
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref14
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref15
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref15
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref15
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref16
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref16
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref16
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref17
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref17
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref17
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref17
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref17
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref17
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref17
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref18
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref18
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref18
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref19
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref19
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref19
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref19
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref20
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref20
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref20
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref20
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref21
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref21
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref21
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref21
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref21
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref22
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref22
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref23
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref23
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref23
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref23
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref24
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref24
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref24
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref24
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref24
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref25
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref25
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref25
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref25


M.S. Sadahira et al. / Food Hydrocolloids 58 (2016) 1e1010
Schmidt, I., Novales, B., Bou�e, F., & Axelos, M. A. V. (2010). Foaming properties of
protein/pectin electrostatic complexes and foam structure at nanoscale. Journal
of Colloid and Interface Science, 345(2), 316e324.

Schmitt, C., & Turgeon, S. (2011). Protein/polysaccharide complexes and coacervates
in food system. Advances in Colloid and Interface Science, 167, 63e70.

Stanley, D. W., Goff, H. D., & Smith, A. K. (1996). Texture-structure relationships in
foamed dairy emulsions. Food Research International, 29(1), 1e13.

Steffe, J. F. (1996). Rheological methods in food process engineering (2nd ed.). East
Lasing, MI, USA: Freeman Press.

Surh, J., Decker, E. A., & McClements, D. J. (2006). Influence of pH and pectin type on
properties and stability of sodium-caseinate stabilized oil-in-water emulsions.
Food Hydrocolloids, 20, 607e618.

Thakur, R. K., Vial, C., & Djelveh, G. (2008). Effect of composition and process pa-
rameters on elasticity and solidity of foamed food. Chemical Engineering and
Processing, 47, 474e483.
Tolstoguzov, V. B. (1986). Functional properties of protein-polysaccharide mixtures.
In R. J. Mitchell, & D. A. Ledward (Eds.), Functional properties of macromolecules
(pp. 385e415). London: Elsevier Applied Science Publishers.

Tolstoguzov, V. B. (1997). Protein-polysaccharide interactions. In S. Damodaran, &
A. Paraf (Eds.), Food proteins and their applications (pp. 171e198). New York:
Marcel Dekker, Inc.

Upadhyay, R., Ghosal, D., & Mehra, A. (2012). Characterization of bread dough:
rheological properties and microstructure. Journal of Food Engineering, 109,
104e113.

Walstra, P. (2003). Physical chemistry of foods. New York: Marcel Dekker.
Wills, D. (1998). Water activity and its importance in making candy. The

Manufacturing Confectioner, 78(8), 71e74.
Zmudzinsk, D., Ptaszek, P., Kruk, J., Kaczmarczyk, K., Roznowski, W., Berski, W., et al.

(2014). The role of hydrocolloids in mechanical properties of fresh foams based
on egg white proteins. Journal of Food Engineering, 121, 128e134.

http://refhub.elsevier.com/S0268-005X(16)30037-6/sref26
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref26
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref26
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref26
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref26
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref27
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref27
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref27
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref28
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref28
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref28
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref29
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref29
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref30
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref30
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref30
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref30
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref31
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref31
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref31
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref31
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref32
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref32
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref32
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref32
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref33
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref33
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref33
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref33
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref34
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref34
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref34
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref34
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref35
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref36
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref36
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref36
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref37
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref37
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref37
http://refhub.elsevier.com/S0268-005X(16)30037-6/sref37

	Effect of egg white protein-pectin electrostatic interactions in a high sugar content system on foaming and foam rheologica ...
	1. Introduction
	2. Material and methods
	2.1. Material
	2.2. Preparation of solutions and foams
	2.3. Foaming properties
	2.3.1. Foaming capacity: density and overrun
	2.3.2. Bubble size distribution
	2.3.3. Liquid drainage

	2.4. Rheology

	3. Results and discussion
	3.1. Apparent viscosity, foaming capacity and rheological properties of high sugar system/EW/pectin mixtures
	3.2. Effect of EW:pectin ratio on foaming properties

	4. Conclusions
	Acknowledgments
	Appendix A
	References


