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The effect of maltodextrin (MDX) concentration on the stability of multilayer linseed oil-in-water
emulsions before and after freeze–thawing has been studied. Interfacial double-layer emulsions were
obtained by performing electrostatic deposition of sodium alginate (SA) onto whey protein isolate
(WPI) coated oil droplets at pH 5 (10 wt% oil, 1 wt% WPI 0.25 wt% SA). MDX was also added to emulsions
formulation in different concentrations (0–20 wt%), and the systems were then stored at two freezing
temperatures (�18 and �80 �C). Stability of emulsions was studied using droplet size, f-potential, as well
as microstructure determinations and monitoring backscattering profiles versus time. Non-frozen emul-
sions showed smaller droplet sizes at higher MDX concentrations thus reducing creaming mechanisms
and improving emulsion stability. In the absence of MDX, emulsions were highly unstable after
freeze–thawing and destabilized faster at �18 �C than at �80 �C, which was attributed to the formation
of larger ice crystals at slower freezing rates that promoted interfacial membrane disruption leading to
extensive droplet coalescence and oiling off. Both systems showed macroscopic phase separation within
the first hour of analysis. The addition of MDX greatly improved emulsion stability after freezing, as
emulsions showed no phase separation after thawing during one week storage. This behavior was
attributed to MDX cryoprotectant effect, that could have considerably reduce the amount of ice formed
during freezing, thereby maintaining the integrity of the interfacial WPI–SA bilayer surrounding oil
droplets. Our results suggest that 20 wt% MDX emulsions were the most stable systems both to creaming
destabilization and to freeze–thawing processes.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Oil-in-water emulsions are widely used by the food industry
not only in the formulation of conventional products such as
sauces, soups, desserts, fruit beverages, ice cream and soft drinks,
but also for the development of engineered functional foods that
could provide consumers health benefits beyond basic nutrition
by the incorporation of bioactive compounds (McClements, 1999;
Rodea-González et al., 2012; Carneiro et al., 2013). However, there
are many environmental stresses during processing operations
(chilling, shearing, dehydration, cooling) that may adversely affect
the stability of emulsions, which is strongly influenced by the nat-
ure of the interfacial membrane surrounding the oil droplets
(Guzey and McClements, 2006). Freezing storage is often used in
the food industry either to maintain microbiological and chemical
stability or simply as a necessary part of the final product.
Nevertheless, many emulsions become physically unstable when
frozen, and rapidly breakdown after thawing, through flocculation,
coalescence and creaming mechanisms (Palazolo et al., 2011;
Ghosh and Coupland, 2008). It is therefore necessary for food tech-
nologists to systematically design the physicochemical properties
of the interfacial film surrounding the oil droplets by controlling
its composition, thickness, electrical charge (Wu et al., 2012;
Thanasukarn et al., 2006), so as to create emulsion-based products
that have better resistance to freezing conditions and long-term
shelf-life. There is a novel technology which relies on the formation
of multilayers around emulsion droplets using a layer-by-layer
electrostatic deposition technique. Multilayer emulsions consist
of oil droplets dispersed in an aqueous medium, coated by an inter-
facial membrane formed by self-assembly of oppositely charged
polymers via electrostatic interactions (McClements et al., 2007).
These systems represent a suitable strategy for the encapsulation
of sensitive nutraceuticals, particularly those containing omega-3
polyunsaturated fatty acids (PUFAs), since it has been demonstrat-
ed that dietary intake of these bioactive components, could provide
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active protection against coronary heart disease and play an
important role in early child nutrition (Innis, 2007; Rodea-
González et al., 2012). Indeed, as PUFAs are susceptible to oxidative
deterioration, microencapsulation appeared to be a feasible
technology to protect them against strong oxidants such as light,
heat and oxygen. In previous work, we have established the best
conditions required for producing stable multilayer emulsions as
encapsulation matrices for the delivery of linseed oil – a vegetable
oil with high x-3 PUFAs content – where lipid droplets were coat-
ed by an outer polysaccharide layer (alginate) electrostatically
adsorbed to an inner protein layer (whey protein isolate)
(Fioramonti et al., 2015). The next step would require dehydration
of these emulsions so as to obtain a powdered additive – that could
be further incorporated into a food matrix – thereby promoting
easier handling and reducing both transportation costs and storage
space. Freeze–drying processes, which comprise the removal of
water by sublimation from the frozen state (ice), are often used
for dehydrating food products when heat-sensitive compounds
need to be protected. Nevertheless, this method requires a freezing
step prior to dehydration. Thus, for many applications, it is there-
fore important that emulsions not only exhibit high resistance to
freezing processes but also maintain their initial properties when
thawed.

Given that sugars are natural occurring cryoprotectants in
freeze-tolerant plants and animals (Ghosh et al., 2006), it was
expected that they might exert a similar role in frozen food emul-
sions. Maltodextrins (MDX) are one of the most widely used ingre-
dients to stabilize food emulsions. They are partial hydrolysis
products of starch consisting of a, 1–4 linked D-glucose chains of
variable length. Some authors have reported the ability of MDX
to protect oil-in-water emulsions against freezing destabilization
(Ghosh et al., 2006; O’Regan and Mulvihill, 2010). However, there
are no published works concerning about the effect of MDX on sta-
bility of multilayer linseed oil-in-water emulsions. Mun et al., 2008
reported the impact of MDX concentration on freeze-stability of
corn oil-in-water multilayer emulsions, through particle size,
f-potential and optical microscopy measurements. Nevertheless,
they used relatively low oil concentration in their systems (2 wt%
oil). Hence, in the present study, we propose to prepare emulsions
with higher oil concentration (10 wt% oil) so as to make them more
realistic to resemble food product matrices composition. However,
this increase in the oil-phase volume fraction of emulsions could
potentially enhance droplet–droplet interactions, thus altering
their stability. In this context, the objective of this work was to
study the influence of MDX concentration on the colloidal stability
of linseed oil-in-water multilayer emulsions before and after
freezing at different storage temperatures. In particular, we not
only performed particle size, f-potential and optical microscopy
measurements but also monitored emulsions backscattering desta-
bilization profiles over time. This latter would help us understand
when and why does phase separation occur in unstable systems.
2. Materials and methods

2.1. Materials

Milk whey protein isolate (WPI) was provided by Davisco Food
International, Inc. (Minnesota, USA) and its composition (% w/w)
was: 96.18% protein (N � 6.38) (dry basis), fat 0.20%, ash 1.90%,
5.57% moisture, 1.72% others. Low density sodium alginate (SA)
was provided by Cargill (Buenos Aires, Argentina) (MW 135 kDa).
As stated by the manufacturer the composition of this alginate
was: carbohydrate 63%, moisture 14%, ash 23% (Na+ 9300 mg/
100 g and K+ 800 mg/100 g). Maltodextrin obtained by enzyme
hydrolysis of native corn starch (DE 15) was kindly donated by
Productos de Maíz SA (Buenos Aires, Argentina). Linseed oil was
obtained from Sigma Aldrich (St. Louis, MO) and it was used
without further purification (density: 0.93 g/mL, refractive index:
1.48). All reagents were analytical grade.

2.2. Emulsion preparation

Mixed dispersions of 2 wt% WPI and 0–40 wt% MDX were pre-
pared using Milli-Q ultrapure water and stirred for 2 h. Sodium
alginate (SA) was dispersed in Milli-Q ultrapure water and stirred
at 70 �C for 35 min to promote solubilization. The pH value of all
dispersions was adjusted to 7.0 with HCl and NaOH (0.1 mol l�1)
and then dispersions were stored at 4 �C overnight. Primary emul-
sions were made by blending 20 wt% oil phase with 80 wt% aque-
ous WPI–MDX solutions using a high-speed blender (Waring
Blender, Connecticut, USA) during 2 min at the highest velocity,
followed by a sonication step (75% AMP, 150 s) performed by a
20 kHz ultrasonic probe with a 13 mm diameter tip (Sonics &
Materials, Connecticut, USA). These emulsions were then diluted
by adding sodium alginate (SA) dispersions and adjusting pH to 5
with HCl 2 N to form secondary emulsions, with the following final
composition: 10 wt% oil, 1 wt% WPI 0.25 wt% SA and 0–20 wt%
MDX. It should be highlighted that both WPI and SA concentrations
as well as final pH value of secondary multilayer emulsions were
identified in previous work as the optimum conditions to produce
stable systems (Fioramonti et al., 2015). To assess the influence of
freezing temperature on emulsion stability, they were stored for
7 days at �18 �C and 80 �C, respectively. After that period, they
were incubated for 2 h in a water bath at 20 �C. Both fresh and
thawed emulsions were analyzed just after being prepared.

2.3. Droplet size determination

Droplet size of emulsions was measured by static light scatter-
ing using a laser diffraction Mastersizer 2000 device with a Hydro
2000MU as a dispersion unit (Malvern Instruments, Worcester-
shire, Inglaterra). This is an optical technique that measures the
intensity of the scattered light as a function of the scattering angle.
The pump speed was settled between 900 and 1500 rpm. The
refractive index of both the dispersed (1.48) and the continuous
(1.33) phases was used. Droplet size is reported as the volume-
mean diameter (D43) and the equivalent volume-surface mean dia-
meter (D32):
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where ni is the number of droplets of diameter di (Lizarraga et al.,
2008; Arzeni et al., 2012). Specific surface area (SSA) and polydis-
persity parameters obtained by the software are also reported. Poly-
dispersity (or span) is related to the distribution width of droplet
sizes as follows:

Span ¼ ðD0:9 � D0:1Þ
D0:5

ð3Þ

where 90%, 10% and 50% of the oil volume in the emulsions is con-
tained in droplets with diameters below or equal to D0.9, D0.1 and
D0.5 respectively. The SSA was calculated using D32, according to

SSA ¼ 6/
D32

ð4Þ

where / represents the oil volume fraction of the emulsion
(Gharibzahedi et al., 2013). Droplet sizes are reported as the average
of ten readings made on each sample.



Fig. 1. Effect of MDX concentration (—0%, � � �10%, — � �15%, –––20%) on volume (A)
and number (B) droplet size distributions of 10 wt% oil 1 wt% WPI 0.25 wt% SA pH 5
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2.4. f-potential measurements

f-potential of emulsion droplets was determined by dynamic
laser light scattering using a Zetasizer Nano-ZS instrument
(Malvern Instruments, Worcestershire, England) as described in
Fioramonti et al., 2015. Emulsions were diluted 1/1000 using
double distilled water at pH 5, and were then injected into the
measurement chamber. The f-potential was determined by
measuring the direction and velocity of droplet movement in a
well-defined electric field. These measurements are reported as
the average and standard deviation of five determinations per
sample.

2.5. Emulsion stability

Destabilization of emulsions was evaluated using a vertical scan
analyzer Turbiscan TMA 2000 (Formulaction, Toulouse, France).
The sample was placed in a cylindrical glass cell, and scanned from
the bottom to the top with a laser light source (k = 850 nm), as
described in Fioramonti et al., 2015. Profiles recorded for each sam-
ple were then analyzed using the proper software, from which we
obtained the creaming index, expressed as

Creaming index ð%Þ ¼ HS

HT
� 100 ð5Þ

where HS is the height of the serum layer, and HT is the height of the
total emulsion, as a parameter of global destabilization after 7 days
of storage at room temperature. HS was obtained from Turbiscan
transmittance profiles, by measuring the thickness of the last peak
(7 days) at 50% of the height (bottom zone). If there was no trans-
mittance peak at 7 days of analysis, we considered HS = 0. HT was
also obtained by Turbiscan profiles by measuring the height of the
emulsion at initial time (t = 0) (Fioramonti et al., 2015).
emulsions. Inset (A): influence of MDX concentration on the total energy supplied
to the systems by the ultrasonic probe.

Table 1
Volume-mean diameter D43, volume-surface mean diameter D32, polydispersity index
(span) and specific surface area (SSA) of 10 wt% oil 1 wt% WPI 0.25% SA pH 5
emulsions, prepared at different MDX concentrations.

MDX (wt%) D43 (lm) Span D32 (lm) SSA (m2/g)

0 2.41 ± 0.07a 2.56 ± 0.06c 0.88 ± 0.01f 7.40 ± 0.06j
2.6. Optical microscopy

Emulsions were properly stirred before analysis to ensure sam-
ple homogeneity. A drop of fresh emulsion was then placed
between a microscope slide and a cover-slip and observed on a
conventional optical microscope at a magnification of 40� (Leica
Microsystems, Wetzlar, Germany).
10 2.78 ± 0.07b 1.67 ± 0.07d 1.04 ± 0.07g 6.28 ± 0.42k

15 1.96 ± 0.86a 3.30 ± 0.20e 0.52 ± 0.05h 11.60 ± 0.99l

20 2.68 ± 0.39a,b 4.73 ± 1.94e 0.42 ± 0.02i 15.65 ± 0.64m

Data represent means ± standard deviations. Different letters indicate significant
statistical differences (p < 0.05).
2.7. Statistical analysis

All assays were measured at least in duplicate. Averages and
standard deviations were calculated from these measurements.
Differences between means were determined with LSD test at
p < 0.05 significance level (Statgraphics Centurion XV).
3. Results and discussion

3.1. Effect of MDX concentration on droplet size distribution and
droplet charge of emulsions

Droplet size distributions of emulsions at different MDX con-
centrations were determined by static light scattering (SLS). Mal-
vern laser diffraction method generated a volume distribution for
the analyzed light energy data, which was then converted to a
number distribution using the proper software (Fig. 1A and B).
The volume-mean diameter (D43) and the volume-surface mean
diameter (D32), both derived from droplet size distributions, were
used to characterize emulsions (Table 1). D43 is useful for the
detection of large droplets whereas D32 is very sensitive to the
presence of small droplets, as they have greater specific surface
area (SSA) (Jafari et al., 2013). Polydispersity and SSA, are also list-
ed in Table 1.

Emulsions containing 0 and 10 wt% MDX exhibited one pre-
dominant peak around 1 lm (Fig. 1A). The same trend was
observed for 15 and 20 wt% MDX emulsions, where a left shift of
the larger peak toward smaller sizes was detected, with a maxi-
mum around 1.02 lm and 0.45 lm, respectively. D43 showed no
clear tendency when comparing emulsions with increasing MDX
concentrations (Table 1). As this parameter represents an average
of all droplet sizes for a particular system, it cannot adequately
describe each population, especially when the system is not
monodispersed. Emulsions prepared with 20 wt% MDX were the
most polydisperse, as reflected by their span value (Table 1).
Besides, it was observed that addition of MDX beyond 15 wt% pro-
duced a gradual increase of the SSA exhibited by emulsion droplets
(Table 1). These results could be explained considering that MDX
addition before homogenization could have modified the viscosity
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ratio of dispersed to continuous phase. As the ultrasonic processor
used to prepare primary emulsions was designed to deliver con-
stant amplitude, the greater the resistance to the movement of
the probe due to higher viscosity, the greater the amount of power
delivered to the probe. This latter would supply a larger amount of
energy to emulsions containing higher MDX concentrations
(Fig. 1A inset). Since the total energy delivered to the systems is
proportional to the interfacial area created (McClements, 1999),
smaller droplet sizes, as reflected by D32 (Table 1), and higher
SSA (Table 1) would be produced at higher MDX concentrations
(15 wt% and 20 wt%). Klinkesorn et al., 2004, have found that
addition of 10 wt% MDX (DE 15) to Tween 80-stabilized corn oil-
in-water emulsions was not enough to appreciably increase the
relative viscosity of the systems. Taking this into account, we
suggest this could be the reason why 0 and 10 wt% emulsions
presented similar droplet sizes (Fig. 1A, Table 1).

When converting volume size distribution (Fig. 1A) to a num-
ber-based one (Fig. 1B), it was found that the dominant population
of droplets observed in Fig. 1B was the one corresponding to small-
er sizes (<1 lm), with a maximum around 0.15 lm for all emul-
sions. Number size distributions overemphasize smaller sized
droplets when compared to volume size distributions. This is
because when calculating number-weighted diameters, small par-
ticles become more important, whereas for volume-weighted dia-
meters, large particles are more relevant since they are related to
d3. Fig. 1B also revealed a greater number of smaller size droplets
for emulsions containing 15 and 20 wt% MDX, which was consis-
tent with the higher SSA created in these systems, as previously
stated (Table 1). It bears noting that, although converting a volume
result from laser diffraction to a number basis can lead to unde-
fined errors, yet it could be useful to compare the relative impor-
tance of each droplet size population into the global distribution.

Zeta potential measurements were performed to evaluate the
effect of MDX on electrostatic deposition of SA molecules onto
the protein interfacial film surrounding the droplets (Fig. 2). In
the absence of MDX, the f-potential of droplets in secondary emul-
sions (�54 mV) was more negative than that observed in primary
emulsions (�11 mV), thus suggesting the adsorption of SA to the
surface of WPI-coated droplets (Fioramonti et al., 2015). Consider-
ing that pH 5 is near WPI isoelectric point (4.7–5.2), it was expect-
ed for primary emulsions to have a relatively low magnitude of
f-potential, as the protein net charge would be approaching to
zero. However, as in these conditions local positively charged
regions (or ‘‘patches’’) might be exposed on the protein surface,
attractive interactions with negatively charged SA molecules
Fig. 2. Effect of MDX concentration on zeta potential of 10 wt% oil 1 wt% WPI pH 5
emulsions containing 0 wt% SA (primary emulsion) and 0.25 wt% SA (secondary
emulsions).
present in secondary emulsions would be promoted, thereby form-
ing a self-assembled interfacial bilayer (Fioramonti et al., 2015).
When adding 10 wt% MDX to emulsions, the droplets f-potential
changed from �54 mV to �33.5 mV, which would probably be
indicating that less SA molecules might have been adsorbed onto
the protein interface (Pongsawatmanit et al., 2006). However, it
is interesting to note that at higher MDX concentrations the
f-potential of droplets became more negative again, thus suggest-
ing a greater number of SA molecules might have been adsorbed at
the protein interface surrounding the droplets. Besides, it is note-
worthy that systems containing 20 wt% MDX showed an f-poten-
tial value (�55 mV) close to that observed in emulsions without
MDX. Although at first glance this may seem contradictory, a
possible explanation for this phenomenon could be related to
thermodynamic incompatibility between SA and MDX molecules
in the continuous phase, when the bulk biopolymer concentration
exceeds a critical level (Tolstoguzov, 2006). On the one hand, SA is
a high MW (135,000 g/mol) linear binary copolymer composed of
a-1,4 linked D-mannuronic and L-guluronic acid residues, arranged
as homopolymeric blocks of consecutive monomers or altering M
and G-residues along the chain. At pH 5, SA negatively charged
carboxyl groups might exert electrostatic repulsion between them.
Hence, it is expected that the macromolecule adopts a rigid
rod-like extended conformation of maximum excluded volume in
the aqueous phase so as to minimize repulsive electrostatic inter-
actions. On the other hand, MDX is a neutral macromolecule of
lower MW (DE 15, MW 1200 g/mol), so it would present a smaller
effective volume in solution than SA molecules. Zhong et al., 2010
estimated a radius of gyration (Rg) for SA equal to 370 nm, whereas
this parameter was expected to be near 1.7 nm for MDX
(Klinkesorn et al., 2004). In this context, it could be possible that
both polysaccharides remain cosoluble in the aqueous phase of
10 wt% MDX emulsions. Nevertheless, the presence of MDX mole-
cules could have slightly increased the viscosity of the continuous
phase of emulsions. This latter might have reduced the ability of SA
molecules to flow, thereby preventing them from reaching the
droplets’ surface and decreasing their adsorption onto the protein
interface to form an outer coating. In contrast, when adding higher
MDX concentrations (15 and 20 wt%) to emulsions, thermodynam-
ic incompatibility between biopolymers could have arised, mainly
because of excluded volume effects and their competition for space
in the aqueous phase (Perez et al., 2010). As a result of mutual
exclusion of each polysaccharide from a volume occupied by
macromolecules of the other, diffusion of negatively charged SA
molecules toward positively charged protein interface could have
been promoted through a segregative mechanism (Perez et al.,
2009), thus increasing the magnitude of droplets f-potential (|f|)
and making it more negative.

Besides, as previously discussed, emulsions containing 15 and
20 wt% MDX showed a greater number of droplets of smaller sizes
(Fig. 1A and B) exposing a higher SSA (Table 1) than that observed
for 10 wt% MDX emulsions. Consequently, SA molecules could
have had a greater probability of encountering the droplets’ surface
and, thereby, more chances to electrostatically bind to the protein
assembled at the oil–water interface.

In addition, it bears noting that all secondary emulsions pre-
sented f-potential values less than �30 mV, thus suggesting that
electrostatic repulsion between the droplets would be sufficient
to overcome attractive droplet–droplet interactions and stabilize
emulsions (Guzey and McClements, 2004).

3.2. Effect of MDX concentration and freezing temperature on
emulsion stability

The purpose of these experiments was to evaluate the influence
of MDX on the stability of emulsions kept at different storage



Fig. 3. Effect of MDX concentration (0 wt%: A, D, G; 10 wt%: B, E, H; 20 wt%: C, F, I) and freezing temperature (non-frozen: A, B, C; �18 �C: D, E, F; �80 �C: G, H, I) on the D
Backscattering profiles of 10 wt% oil 1 wt% WPI 0.25 wt% SA pH 5 emulsions over time. Each curve corresponds to a single time measurement: 1 h (light gray), 2 h (gray), 24 h
(dark gray), 7 days (black). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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temperatures (�18 and �80 �C) during freeze–thaw processing. As
our systems were opaque and no light reached the transmission
detector of Turbiscan, we analyzed their backscattering (BS) pro-
files as a function of the sample height, as shown in Fig. 3. These
profiles constitute the macroscopic fingerprint of the emulsion
sample at a given time (Mengual et al., 1999) and enabled us to
examine the migration phenomena of lipid droplets. The curves
are presented in a reference mode, where the first curve (t = 0)
had been substracted from the subsequent ones (DBS = BSt � BSt=0)
in order to see the variations related to the initial state. The inten-
sity of the backscattered light is related to the number of droplets
located at a specific height of the emulsion. In our case, a reduction
of D%BS represents a decrease in the number of droplets, whereas
an increment of D%BS describes the opposite behavior. Fig. 4A
shows the destabilization profile of an emulsion containing no
MDX, before freeze–thaw cycling.

This represents a typical profile obtained by Turbiscan when
creaming is the main mechanism of emulsion destabilization. It
was observed that there was (i) a decrease in BSt at the bottom
of the sample related to a decrease of the concentration of the
droplets in this part (clarification), and (ii) a concomitant increase
of BSt at the top of the sample due to an increase of the concentra-
tion of the dispersed phase and the formation of a cream layer.
Creaming is a common phenomenon of instability for emulsions
that is related to the upward movement of the droplets. The
creaming velocity of an individual droplet is directly proportional
to the square of its radius and to the density difference between
the dispersed and the continuous phases, and inversely propor-
tional to the viscosity of the continuous phase, as described by
the Stokes law (McClements, 1999). When adding 10 wt% MDX
(Fig. 3B), stability of emulsions seemed to be improved, as the
peaks observed at the bottom of the tube (clarification zone) were
clearly smaller than their 0 wt% MDX counterparts. The main dif-
ferences were observed within the first two hours of measurement
and after 24 h storage. This increased stability showed by 10 wt%
MDX emulsions might be related to the narrower droplets size dis-
tribution obtained for these systems (Fig. 1A). As there would be
less droplets of bigger sizes, their upward movement would be
retarded (McClements, 1999). As shown by Fig. 3C, the most stable
systems were obtained at the highest MDX concentration. It this
case, not only did the presence of droplets of smaller sizes
(Fig. 1A and B, Table 1) promote a greater stability, but also the
higher MDX concentration (Klinkesorn et al., 2004). In fact, the
increment of MDX concentration might have increased the density
contrast between emulsion phases, which would accelerate cream-
ing. However, this phenomenon could have been balanced by the
increase of viscosity of the continuous phase, thus lowering cream-
ing destabilization and enhancing emulsion stability. It should be



Fig. 4. Effect of freezing temperature and MDX concentration (j 0 wt%, d 10 wt%,
20 wt%) on the creaming index of 10 wt% oil 1 wt% WPI 0.25 wt% SA pH 5

emulsions, after 1 week kept at ambient temperature. (B) Visual appearance of 10%
oil 1%WPI 0.25%SA pH 5 thawed emulsions.
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also highlighted that none of these emulsions exhibited macro-
scopic phase separation after seven days of analysis (visual appear-
ance not shown). Indeed, as 15 wt% MDX systems presented a
similar behavior to that observed for 20 wt% MDX emulsions, we
did not include their profiles in Fig. 4.

The influence of freeze–thaw processing and MDX concentra-
tion on the stability of secondary emulsions was also studied. In
the absence of MDX, rapid creaming was observed for emulsions
stored at �18 �C and �80 �C (Fig. 3D and G). Emulsions kept at
�18 �C exhibited almost immediate phase separation when
thawed, as observed in Fig. 3D within the first hour of analysis.
These systems also seemed to have sediment at the bottom of
the sample cell, as reflected by the positive values of DBS between
0 and 4 mm tube length. On the other hand, in Fig. 3G it can be
seen that emulsions stored at �80 �C presented a slower rate of
destabilization within the first 2 h of analysis and less sediment
formation at the bottom of the tube than their �18 �C counter-
parts. Nevertheless, they also showed phase separation at 24 h
storage (Figs. 3G and 4B).

The low stability of these emulsions, in the absence of MDX, can
be related to the crystallization of both the dispersed and the con-
tinuous phases. Ghosh and Coupland, 2008 suggested that freezing
conditions might cause the rupture of interfacial membranes sur-
rounding the droplets, promoting oil-to-oil contact. When water
crystals are formed in the aqueous phase, emulsion droplets might
become excluded from the space taken up by the ice, being forced
into close proximity in the restricted phase volume remaining.
Besides, ice crystals formed during freezing may penetrate into
oil droplets and disrupt their interfacial membranes, thus making
them more prone to coalesce once they are thawed (Gu et al.,
2007).

The formation of an ice crystal is a two-step process that
involves (i) a first nucleation stage, which occurs slowly and com-
prises the correct orientation of initial water molecules to give rise
to a ‘‘nucleus’’ structure, and (ii) a second stage, where ice crystals
rapidly grow from former nuclei (Vanapalli et al., 2002; Ghosh and
Rousseau, 2009). Slower cooling rates, as the ones at �18 �C, would
lead to the formation of larger ice crystals as there would be
enough time to promote nucleation and subsequent growth of
the crystals. This would lead to a greater extent of interfacial
membranes disruption, and subsequent droplet coalescence.
Besides, physical separation of ice during freezing implies a
gradual concentration of solutes in the remaining aqueous phase
(cryoconcentration) and a concomitant decrease of unfrozen water
molecules (Martínez Navarrete et al., 1998). This latter would alter
the conformation of self-assembled biopolymers at the oil–water
interface, since there may be insufficient water to fully hydrate
them, thereby enhancing the tendency of protein–polysaccharide
complexes to desorb from the droplet surface and precipitate as
a sediment once emulsion is thawed (Fig. 3D).

It is also interesting to highlight that in many food matrices,
water freezing occurs at a fairly wide range of temperatures,
between 0 �C and �40 �C, depending on the composition. There-
fore, usual storage at �18 �C might not ensure (in most cases)
the glassy state of the cryoconcentrated aqueous phase, which
guarantees water immobilization and is only reached at tem-
peratures below its glass transition temperature (Tg). The further
the storage temperature is from the Tg, the more susceptible is
the system to undergo ice recrystallization processes and progres-
sive growth of crystals, as some water molecules could still flow in
these conditions (Martínez Navarrete et al., 1998). So, this phe-
nomenon would probably enhance formation of ice crystals of
greater sizes during storage at �18 �C.

In contrast, if emulsion cooling rate is fast, like at �80 �C, ice
crystals formation might be restricted by kinetic issues, as there
would not be sufficient time to allow nucleation and crystal
growth processes. As a result, smaller size ice crystals might be
formed, thereby reducing both dehydration of biopolymers at the
interfacial membrane (Fig. 3G) and droplet coalescence resulting
from interfacial film disruption. Besides, at this storage tem-
perature, it is likely that emulsion systems could be in their glassy
state (below its Tg). If this were the case, the movement of water
molecules would be restricted, thus inhibiting recrystallization
processes (Martínez Navarrete et al., 1998).

Interestingly, frozen-thawed emulsions containing MDX, at
each concentration, showed almost no relevant differences in their
destabilization profiles when comparing both storage tem-
peratures, with their respective non-frozen systems (Fig. 3E, F, H
and I). The results obtained in our study about the influence of
MDX on emulsion freeze–thaw stability are similar to those report-
ed by Mun et al., 2008, and make evident the cryoprotective effect
that MDX might have on emulsions during freezing. The presence
of MDX (10 and 20 wt%) on the continuous phase of our emulsions
could have inhibited ice crystals formation by several mechanisms.
First, it is well-known that polysaccharides such as MDX have the
ability to bind water molecules (Radosta and Schierbaum, 1990),
thus making them unavailable for ice crystal formation. Secondly,
the increment of MDX concentration, with a concomitant increase
of the continuous phase viscosity, may also delay crystallization of
water to form ice as it would slow down the diffusion rate of water
molecules and, consequently, ice crystal formation. Taking this into
account, increasing MDX concentration in the continuous phase of
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multilayer linseed oil-in-water emulsions would considerably
reduce the amount of ice formed during freezing, and hence, the
pressure exerted on the concentrated emulsion, thus reducing dro-
plet–droplet interactions and coalescence. Besides, there would be
a greater amount of unfrozen water molecules available to hydrate
WPI and SA placed at the interface.

It should also be remembered that addition of high molecular
weight solutes in the aqueous phase of emulsions, such as MDX,
could greatly increase their Tg values. So, MDX could have also
improved linseed oil multilayer emulsions stability by raising their
Tg, thus ensuring the system glassy state at higher storage
temperatures. As a result, ice recrystallization processes could be
inhibited without requiring such low temperatures such as
�80 �C, as it is likely that emulsions containing MDX would have
reached their glassy state at �18 �C. Nevertheless, further work is
needed to establish the influence of MDX concentration on the Tg

value of emulsions.
Fig. 4A shows the effect of freezing temperature and MDX con-

centration on the creaming index of emulsions after 7 days of ana-
lysis. It can be seen that only frozen emulsions without MDX
presented high creaming indexes and exhibited a macroscopic
phase separation (Fig. 4B), whereas both unfrozen emulsions (con-
trol) and those freeze–thawed containing MDX were stable to
creaming after one week storage.

Finally, in Fig. 5 the micrographs corresponding to the different
studied systems are presented. From qualitative observation of
unfrozen emulsions (Fig. 5A, B and C), one can verify the smaller
droplet sizes presented by those containing 20 wt% MDX. In con-
trast, extensive droplet coalescence can be observed in frozen
emulsions containing no MDX (Fig. 5D and G). Those storaged at
�80 �C exhibited oil droplets of smaller sizes than the ones kept
at �18 �C, this being consistent with the results previously dis-
cussed. Besides, it is easy to identify some dark patches exhibited
in these latter systems (Fig. 5D and G), which could presumably
correspond to those dehydrated protein–polysaccharide complex-
es that had precipitated as a sediment once emulsions were
thawed (Fig. 3D, G and B).

On the other hand, frozen emulsions containing MDX were
stable after thawed, presenting a slight variation of some droplet
sizes (Fig. 5E, F, H and I). These results are consistent with those
discussed above, and demonstrate the cryoprotective effect exert-
ed by MDX on the studied emulsions.
4. Conclusions

Addition of maltodextrin to linseed oil-in-water multilayer
emulsions greatly improved their stability. Higher MDX concentra-
tions in emulsions that were not subjected to freeze–thaw process-
es produced smaller droplet sizes, thereby reducing creaming
mechanisms and improving emulsion stability. When subject to
freeze–thawing, emulsions without MDX were highly unstable
and destabilized faster at �18 �C than at �80 �C, which was
attributed to the formation of larger ice crystals at slower freezing
rates that promoted extensive droplet coalescence. After 1 week
storage, both systems presented macroscopic phase separation.
Conversely, the presence of MDX exerted a cryoprotectant effect
during freeze–thaw processes at both temperatures, as these emul-
sions did not show phase separation after thawing during one week
storage at ambient temperature. These could be related to MDX
water-binding properties and the increment in the amount of
unfrozen water in the aqueous phase, thereby reducing the amount
of ice formed during freezing. As a result, there would be more
available water molecules to fully hydrate biopolymers adsorbed
at the oil–water interface and the spacing matrix formed by MDX
between droplets could have prevented them from coming into
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contact, thus reducing coalescence mechanisms. It is therefore nec-
essary to maintain the integrity of the interfacial membrane to
ensure the preservation of original emulsion attributes after thaw-
ing, and to avoid destabilizing processes such as droplet coales-
cence and oiling off. The results of this study have shown that
20 wt% MDX emulsions were the most stable systems both to
creaming destabilization and to freeze–thaw processes. This may
have important consequences for the development of food matrices
with improved resistance to low temperature storage.
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