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ABSTRACT: This study assessed the stabilizing effect of enzymatic cross-linking on double-coated emulsions (beet pectin�fish
gelatin). The beet pectin layer was cross-linked via ferulic acid groups using laccase (an enzyme that is known to catalyze the oxidation
of phenolic groups). Fish gelatin-coated oil droplets (primary emulsion) were mixed at pH 3.5 to promote electrostatic deposition of
the beet pectin molecules onto the surfaces of the oil droplets (secondary emulsion). Laccase was then added to promote cross-linking
of the adsorbed beet pectin layer. Cross-linked pectin-coated oil droplets had similar or significantly better stability (p < 0.05) than oil
droplets of primary or secondary emulsions to NaCl addition (0�500 mM), CaCl2 addition (0�250 mM), and thermal processing
(30�90 �C for 30min). Freeze�thaw stability and creaming behavior of enzyme-treated, secondary emulsions after two cycles (�8 �C
for 22 h; 25 �C for 2 h) were significantly improved (p < 0.05). These results may have important implications for food manufacturers
that are in need of emulsions with improved physical stability, for example, emulsions used in frozen foods for sauces or dips.
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’ INTRODUCTION

Oil-in-water emulsions are used to prepare a variety of
products such as foods, paints, cosmetics, and drugs. Emulsions
are known to be thermodynamically unstable systems, and hence
emulsifiers are needed to create emulsions that are kinetically
stable under specific environmental conditions (pH, temperature,
storage time).1,2 Emulsifiers play a major role during homogeni-
zation; for example, (i) they decrease the interfacial tension
between the oil and water phase and thus reduce the overall free
energy to disrupt droplets, and (ii) they form a protective coating
around the droplets to prevent droplets from coalescing during a
collision.1,3 The manufacturing of emulsions for the food in-
dustry requires the use of food-grade ingredients such as food
biopolymers (e.g., proteins, polysaccharides). Both proteins and
polysaccharides, respectively, may have surface-active properties
due to a distinct distribution of hydrophobic and hydrophilic
moieties andmay be used as emulsifiers in oil-in-water emulsions.
In particular, proteins such as soy, caseins, whey proteins, or
gelatins are heavily used as food emulsifiers.4,5 Upon adsorption at
the oil�water interface, the polymer reorients tomaximize contact
of hydrophobic groups with the oil phase and to maximize contact
of the hydrophilic groups with the aqueous phase. The extinction of
the polymer membrane into the aqueous phase leads to steric
repulsive forces that prevent the droplets from coming into close
proximity.6 The use of proteins as emulsifiers in food emulsions is,
however, limited because their properties vary depending on envir-
onmental conditions such as pH, heating, ionic strength, and freezing.
This may reduce their ability to prevent droplet aggregation or
flocculation. Other studies have previously shown that protein-
stabilized emulsions are susceptible to droplet aggregation close to
their isoelectric point, at high salt concentrations orwhen heated to or

above certain temperatures.7�10 Chanamai et al.11 demonstrated in
their study significant differences in the properties of emulsions
stabilized by gum arabic, modified starch, or whey protein isolate
(WPI). WPI-stabilized oil droplets were highly unstable to aggrega-
tion near the pI (4.2�4.5) of the protein because of a relatively low
electrostatic repulsion between the droplets.12 Heating of emulsions
stabilized by WPI caused flocculation in emulsions at temperatures
between 70 and 80 �C at pH 7.Moreover, the addition of NaCl or
CaCl2 promoted droplet flocculation at pH 7.4

The layer-by-layer (LbL) electrostatic deposition technique
has been developed to form thicker interfacial membranes con-
sisting of multiple layers of biopolymers to improve the stability
of emulsions against changes in environmental conditions. The
LbL method makes use of the electrostatic attraction of oppo-
sitely charged polyelectrolytes to create a multicomposite pro-
tective layer.13 To formmultilayered membranes surrounding oil
droplets, a charge reversal of the surfaces needs to occur. If the
polyelectrolyte molecules to be adsorbed have a greater charge
density than the droplet surface, then polyelectrolyte monolayers
are preferentially formed. In contrast, multilayers may be formed
if the charge density of polyelectrolytes is much lower than that of
the target droplet surface.14,15 The process typically involvesmixing
of a primary, for example, a protein-stabilized emulsion, and a
polysaccharide solution under conditions at which there is an
attractive interaction between the surface of the protein-coated
droplets and the oppositely charged polysaccharide. Previously, it
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has been shown that coating of oil droplets by a protein�
polysaccharide complex increased stability to environmental
stresses due to changes in interfacial charge, structure, and
thickness.16�19 Specifically, resistance of emulsions to withstand
changes in pH, ionic strength, heating, and freezing improved
when membranes were reinforced using the LbL deposition
technique.7,8,20 For example, Littoz et al.21 showed that double-
layered emulsions consisting of β-lactoglobulin�pectin mem-
branes were more stable to droplet aggregation and creaming. A
number of authors found a better stability of multilayered emul-
sions to thermal processing (30�90 �C), for example, for emul-
sions with β-lactoglobulin�pectin membranes,22 emulsions with
SDS�chitosanmembranes,8 and emulsionswith SDS�fish gelatin
membranes.20 Lecithin�chitosan-coated oil droplets formed at pH
3 were stable to aggregation at e500 mM CaCl2, whereas single-
layered lecithin-coated emulsions aggregated atg300mMCaCl2.

8

Formation of multilayered emulsions requires that an electro-
static attraction between the oppositely charged polyelectrolytes
within the interfacial membrane be present; therefore, they have
a major limitation in use.6,13 Changes in environmental condi-
tions such as pH or ionic strength may decrease the magnitude
of electrostatic attraction between the protein�polysaccharide
complexes and cause a dissociation of the interfacial membrane.
We suggest that a biomimetic approachmay be used to overcome
this deficiency whereby interfacial membranes are covalently
cross-linked using enzymes.18,21,23 Our previous study18 has
shown that laccase may cross-link adsorbed beet pectin in
multilayered emulsions, thereby increasing storage and pH stabi-
lity at pH 3.5�10. Laccase is a well-studied oxidase that oxidizes
polyphenols, methoxy-substituted phenols, and diamines.24,25 It
has the potential to improve not only the efficiency of production
but especially quality attributes of a great variety of food products
such as salad dressings, ice creams, coffee whiteners, wines, juices,
beers, and baked goods. Application of laccase is considered to be
a mild processing technology and can be implemented using
conventional processing technologies such as mixing and homo-
genization steps.26 Thus, little capital investment is required. We
also demonstrated in our previous work that a laccase-induced
aggregation of single droplets stabilized by complex biopolymer
membranes did not occur and that, furthermore, covalently cross-
linked multilayered interfacial membranes were able to withstand
alkaline environmental conditions for a period of up to 10 days.

The objective of the present study was to compare the stability
of primary, secondary, and laccase-treated secondary emulsions
against heating, freeze�thaw cycling, and high salt concentra-
tions. We hypothesize that laccase-treated emulsions may have
better resistance against any of the mentioned superimposed
stresses than primary and secondary emulsions due to a higher
resistance of cross-linked biopolymers against dissociation and
mechanical disruption. To this purpose, emulsions were fabri-
cated with a single- or double-layered membrane, treated with
laccase, and subjected to temperature and salt fluctuations. Their
stability was then assessed by recording changes in emulsion
properties (particle size and homogeneity of spatial droplet
distribution). For our experiments we used fish gelatin as a
primary emulsifier due to its high pI value, which facilitated
coating at lower pH with a negatively charged polysaccharide.

’MATERIALS AND METHODS

Materials. Sugar beet pectin (no. 1 09 03 135) was donated by
Herbstreith & Fox KG (Neuenb€urg, Germany) and used without further

purification. As stated by themanufacturer, the degree of esterification of
the beet pectin was 55%. Cold-water fish skin gelatin (no. 049K0050)
was purchased fromSigma-AldrichCo. (Steinheim,Germany). Its average
molecular weight and pI value were reported to be ca. 60 kDa and pH 6,
respectively. Laccase (no. 0001437590, from Trametes versicolor) was ob-
tained from Sigma-Aldrich Co. The laccase obtained was reported to
have 20.7 units/mg (AU) enzyme. Citric acid monohydrate (no. 409-
107294, purityg 99.5%) was obtained fromCarl Roth GmbH&Co. KG
(Karlsruhe, Germany), and sodium citrate dihydrate (no. 26996TH,
purity g 99.0%) was purchased from SAFC (St. Louis, MO). Refined
soybean oil was obtained from a local supermarket and was used with-
out further purification. Sodium chloride (no. 3957.1, purity g 99.5%)
was purchased from Carl Roth GmbH, and calcium chloride (no.
K90244218) was obtained from Merck KGaA (Darmstadt, Germany).
Analytical grade hydrochloric acid (HCl) and sodium hydroxide
(NaOH) were purchased from Carl Roth GmbH. Distilled water was
used for the preparation of all samples.
Solution Preparation. Aqueous emulsifier solutions were pre-

pared by dispersing 1% (w/w) fish gelatin powder into 10 mM citrate
buffer (pH 3.5). Sugar beet pectin solutions were prepared by dispersing
2% (w/w) powdered pectin into 10mM citrate buffer at pH 3.5 followed
by stirring overnight to ensure complete hydration. The pH was then
adjusted to 3.5 using 0.1 and 1 M HCl and/or 0.1 and 1 M NaOH.
Enzyme solutions were prepared by dispersing enzyme powder into
10 mM citrate buffer (pH 3.5) followed by stirring for 30 min.
Emulsion Preparation. A stock fish gelatin-stabilized emulsion

was prepared by mixing 5 g of soybean oil in 95 g of fish gelatin solution
(1% (w/w) in citrate buffer, 10 mM, pH 3.5) in a glass beaker to obtain a
5% (w/w) primary oil-in-water emulsion at room temperature. The oil
and emulsifier solutions were blended using a high shear blender
(Standard Unit, IKA Werk GmbH, Germany) for 2 min and were then
passed through a high-pressure homogenizer (M110-EH-30, Microflui-
dics International Cooperation, Newton, MA) three times at 10.000 psi
(= 68.95 MPa).

The stock emulsion was diluted (1:10) with either 10 mM citrate
buffer (pH 3.5) or an aqueous beet pectin solution to prepare a primary
emulsion (0% (w/w) beet pectin) or a secondary emulsion (0.2% (w/w)
beet pectin) with the same oil droplet content (0.5% (w/w) soybean
oil). Laccase-treated secondary emulsions were prepared by mixing the
secondary emulsion with citrate buffer (pH 3.5) and the enzyme solution
using a vortex. An enzyme/beet pectin ratio of 0.24 mg/4 mg, equivalent
to 5 AU, was sufficient to promote interfacial cross-linking of sugar beet
pectin.
Particle Size Determination. Mean particle diameter and poly-

dispersity indices were measured using a dynamic light scattering
instrument (Nano ZS, Malvern Instruments, Malvern, U.K.). Emulsions
were diluted to a droplet concentration of approximately 0.005% (w/w)
with buffer to prevent multiple scattering effects. The technique deter-
mines the size of particles from measurements of the Brownian motion
of the particles using light scattering. The size is then calculated from the
diffusion constant using the Einstein equation.27 The instrument reports
the mean particle diameter (z-average) and the polydispersity index
(PDI) ranging from 0 (monodisperse) to 0.50 (very broad distribution).
ζ-Potential Measurements. Emulsions were diluted to a droplet

concentration of approximately 0.005% (w/w) with buffer. Diluted
emulsions were then loaded into a cuvette of a particle electrophoresis
instrument (Nano, ZS, Malvern Instruments, Malvern, U.K.), and the ζ-
potential was determined by measuring the direction and velocity that
the droplets moved in the applied electric field and calculated using the
Smolouchowski equation. The ζ-potential measurements were reported
as the average and standard deviation of measurements made from two
freshly prepared samples, with three readings made per sample.
Optical Microscopy. The structures of emulsions were investi-

gated by optical microscopy. All emulsion samples were gently mixed
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before analysis using a vortexer to ensure emulsion homogeneity. One
drop of emulsions was placed on an objective slide and then covered with
a coverslip. Light microscopy images were taken with an axial mounted
Canon Powershot G10 digital camera (Canon, Tokyo, Japan) mounted
on an Axio Scope optical microscope (A1, Carl Zeiss Microimaging
GmbH, G€ottingen, Germany) at resolution of 40�.
Emulsion Environmental Stress Tests. We determined the

influence of various kinds of environmental stresses on themean particle
diameter (z-average), ζ-potential, and microstructure of primary, sec-
ondary, and laccase-treated secondary emulsions.
Salt Treatment. Primary, secondary, and enzyme-treated emulsions

were diluted with citrate buffer (10 mM, pH 3.5) to contain the same
final oil droplet concentrations (0.5% (w/w)), but different NaCl
(0�500 mM) or CaCl2 (0�250 mM) concentrations. The pH of the
samples was adjusted back to 3.5 if any changes due to salt addition
occurred. The emulsion samples were stored at room temperature for
24 h before being analyzed.
Thermal Treatment. Primary, secondary, and enzyme-treated emul-

sions were diluted with citrate buffer (10 mM, pH 3.5) to obtain emul-
sions with the same final oil droplet concentrations (0.5% (w/w)).
Emulsion samples were then transferred into glass test tubes and were
incubated in a water bath for 30 min at temperatures ranging from 30 to
90 �C. The samples were then placed immediately into a 25 �C water
bath, where they were stored for 24 h prior to analysis.
Combination of Thermal and Salt Treatment. Primary, secondary,

and enzyme-treated emulsions were diluted with citrate buffer (10 mM,
pH 3.5) to contain a final oil droplet concentration of 0.5% (w/w), but
certain NaCl (500 mM) or CaCl2 (250 mM) concentrations. The pH of
the samples was again adjusted to 3.5 if any changes after salt addition
occurred. Emulsion samples were then transferred into glass test tubes

and were incubated in a water bath for 30 min at temperatures ranging
from 30 to 90 �C. The samples were then placed into a 25 �Cwater bath,
where they were stored for 24 h prior to analysis.

Freeze�Thaw Cycling. Primary, secondary, and enzyme-treated
emulsions were diluted with citrate buffer (10 mM, pH 3.5) to a final
oil droplet concentration of 0.5% (w/w). Emulsions (10 mL) were
transferred into glass test tubes and were incubated in a�8 �C salt water
bath for 22 h. After incubation, the emulsion samples were thawed by
incubating them in a 25 �C water bath for 2 h. This freeze�thaw cycle
was repeated two times, and its influence on mean particle diameter,
ζ-potential, and microstructure was measured after each cycle.
Accelerated Creaming Behavior. The creaming behavior of

primary, secondary, and laccase-treated secondary emulsions was de-
termined using an accelerated creaming test. Primary, secondary, and
enzyme-treated emulsions were diluted with citrate buffer (10 mM, pH
3.5) to a final oil droplet concentration of (0.5% (w/w)) and subjected
to certain NaCl (500 mM) or CaCl2 (250 mM) concentrations and/or
thermal treatments (30, 75, or 90 �C, each for 30 min). Samples of
emulsions (2.5 mL) were transferred into a cuvette, and the cuvette was
placed in a centrifuge (Heraeus Centrifuge Biofuge 28RS with no.
3746 8 place fixed rotor, 13500 max rpm; Osterode, Germany). The
samples were centrifuged at 2500g for 30 min. Oil droplets moved
upward due to centrifugal force, which led to the formation of a clear
serum layer at the bottom and a droplet-rich cream layer at the top.
Transmission of UV�visible light at 600 nm was measured immediately
after centrifugation using a spectrophotometer (HP 8453, Agilent with
application software Chemstation Agilent Technologies 95-00, Waldbronn,
Germany). The light beam passed through the emulsions at a height
of 1 cm from the cuvette bottom, that is, about 30% of the emulsion’s
height. An appreciable increase in emulsion transmission was

Figure 1. Influence of NaCl concentration (0�500 mM) and CaCl2 concentration (0�250 mM) on ζ-potential (A, B) and mean particle diameter
(z-average; C, D) of fish gelatin-coated (1), beet pectin�fish gelatin-coated (2), and laccase cross-linked beet pectin�fish gelatin-coated emulsion
droplets (2+).
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therefore an indication of the fact that the serum layer had risen to at
least 30% of the emulsion’s height. Citrate buffer was used as reference
(transmission = 100%).
Statistical Analysis. All measurements were repeated at least three

times using duplicate samples. Means and standard deviations were
calculated from these measurements using Excel (Microsoft, Redmond,
WA). Results were analyzed with a statistical software (SAS 9.2, SAS
Institute, Cary, NC). Variance analysis was performed using the Tukey
test for normally distributed and balanced data (α = 0.05). If normally
distributed results were in doubt, a nonparametric test according to
Kruskal�Wallis was performed. For analysis with the Kruskal�Wallis
test, a Bonferroni correction (αbon = (k(k � 1))/2) was used.

’RESULTS AND DISCUSSION

Influence of Ionic Strength on Emulsion Stability. The
ζ-potential of fish gelatin-coated droplets was +20 ( 1 mV
regardless of salt concentration or salt type added to the emulsion,
a somewhat surprising initial result (p > 0.05) (Figure 1A,B). The
interfacial membranes formed by proteins at low ionic strength
are strongly charged at pH values substantially above or below
the isoelectric point, and the major mechanism protecting drop-
lets against flocculation at low or high pH values in protein-
stabilized emulsions is thus via electrostatic repulsion.28 Previous
studies of protein-stabilized oil-in-water emulsions in the pre-
sence of salts demonstrated a reduction of ζ-potential with
increasing ionic strength due to electrostatic screening or binding
of oppositely charged counterions.4,6,9,20,29 For example, the
ζ-potential of β-lactoglobulin-coated oil droplets in primary

emulsions showed a decrease from 28 to 5 mV upon addition
of NaCl (0�100 mM).22 Gu et al. described similar effects of
NaCl on the stability of WPI-stabilized emulsions.30 Multivalent
counterions such as calcium are more effective at screening than
monovalent ions such as sodium, a fact that has been demon-
strated by McClements and coauthors.1,4 The ζ-potential of sec-
ondary and enzyme-treated secondary emulsion droplets remained
negative for all salt concentrations and salt types (Figure 1A,B).
However, the magnitude of the ζ-potential significantly de-
creased with addition of salt, particularly when the CaCl2 con-
centration was increased from 0 to 250 mM. A similar result
has been previously described by Surh et al.31,32 and may be
attributed to the more effective electrostatic screening by the
multivalent calcium counterions.1,4

The observed insensitivity of the ζ-potential to the addition of
NaCl and CaCl2 may also help to explain the lack of an effect of
both salt types on the mean particle diameter of primary,
secondary, and enzyme-treated emulsion (Figure 1C,D). Emul-
sions with fish gelatin were surprisingly resistant to salt addition.
The z-average diameter of fish gelatin-stabilized oil droplets
remained constant at 220 ( 20 nm (p > 0.05) and did not
increase when salt concentrations increased. The emulsions had
monomodal droplet size distributions. This suggests that the major
mechanism preventing droplet aggregation or flocculation in fish
gelatin-stabilized emulsions is steric repulsion, rather than electro-
static repulsion, which is in contrast to milk proteins. To further
investigate the unusual salt stability of fish gelatin-stabilized emul-
sions, we also prepared them at pH 7 (close to pI of the fish gelatin)

Figure 2. Influence of CaCl2 concentration (0�250 mM) onmicrostructure (A) and mean particle diameter (B) of fish gelatin-stabilized oil droplets at
pH 7 (scale bar = 50 μm).
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and mixed them with different NaCl (0�500 mM) and CaCl2
(0�250 mM) concentrations. Although the ζ-potential of oil
droplets decreased with increasing salt concentration, no droplet
aggregation was observed. Mean particle diameter of fish gelatin-
stabilized primary emulsions remained constant (Figure 2). These
results further support the theory that fish gelatins are remarkably
capable steric stabilizers. Surh et al. conducted a study on the
influence of pH, emulsifier concentration, and homogenization
conditions on the production of stable oil-in-water emulsions
stabilized by fish gelatin and found similarly to our results that
emulsions were unusually resistant to superimposed stresses.32

The magnitude of ζ-potential of their fish gelatin-stabilized oil
droplets was lower than 20 mV, and because the emulsions
showed good creaming stability, the authors concluded that
polymeric steric repulsion rather than electrostatic interactions
might be involved in stabilizing the emulsions against aggrega-
tion or flocculation.31

The mean particle diameter of secondary and enzyme-treated
secondary emulsions remained constant after the addition of salt,
and all emulsions had monomodal droplet size distributions
(Figure 1C,D). Apparently, the addition of salt regardless of
concentration did not promote droplet aggregation, although the
ζ-potential of CaCl2-treated emulsions decreased with increasing
salt concentrations, which may be attributed to the effectiveness
of charge screening by multivalent ions.1 To form secondary
emulsions, sugar beet pectin with a degree of esterification of
55% was used. Low-esterified pectin types have been suggested
to bemore prone to salt-induced flocculation/aggregation because
some interchain associations may arise due to ion binding.33

However, the high content of acetyl groups of beet pectin
used in our study may reduce salt sensitivity and contribute to
the stability of secondary and enzyme-treated secondary
emulsions.34 Generally, multilayered emulsions are much less
prone to droplet aggregation in the presence of salt, a fact that a
number of studies have previously demonstrated.8,17,20 For
example, lecithin�chitosan-coated oil droplets formed at pH 3
were stable to aggregation at e500 mM CaCl2, whereas single-
layered lecithin-coated droplets aggregated atg300 mMCaCl2.

8

Other studies with NaCl have shown that multilayered interfacial
membranes formed with an anionic surfactant and the cationic
polysaccharide chitosan have better stabilities than single-surfactant
stabilized droplets.20 The lower salt sensitivity may be attributed
to the fact that the range over which the steric repulsion inter-
actions are active increases the thicker the interfacial membranes
are, for example, in secondary emulsions.1,13

The results of our accelerated creaming test are, however,
somewhat different in contrast to particle size and ζ-potential
measurements and show differences between the performance of
the primary, secondary, and enzyme-treated emulsions. The
primary emulsion was prone to creaming at high NaCl concen-
trations (Figure 3). The fish gelatin coating apparently did not
prevent the droplets in primary emulsions from flocculating and
creaming in the centrifugal field. Consequently, an increase in
transmission was observed indicative of the serum layer rising to
at least 30% of the emulsion’s height.8,20,29 Similarly, addition of
calcium promoted aggregation and creaming. In contrast, sec-
ondary and enzyme-treated secondary emulsions did not cream,;
that is, no increase in transmission at 600 nm was detected
(Figure 3). This suggests that either droplets did not aggregate or
flocculate or that the density difference between the droplets and
the aqueous phase had decreased, preventing the formation of a
droplet-rich cream layer. Higher stability to gravitationally or
centrifugally induced separation of droplets with higher mass
ratios of polymer-containing interfacial layers to oil has recently
been described by McClements and coauthors for single-layered

Figure 3. Influence of salt concentration, salt type, and thermal
processing on creaming stability of primary (1), secondary (2), and
laccase-cross-linked secondary emulsions (2+).

Figure 4. Impact of isothermal heat treatment on mean particle
diameter (A) and ζ-potential (B) of primary (1), secondary (2), and
laccase-treated secondary emulsions (2+).
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nanoemulsions.35 Results of the accelerated creaming experi-
ments should, however, be taken with some caution due to the
fact that emulsions may behave differently in a centrifugal field
than in a gravitational field.
Influence of Thermal Processing on Emulsion Stability.

The influence of an isothermal heat treatment on the properties
and stability of emulsions stabilized by a fish gelatin membrane, a
fish gelatin�sugar beet pectin membrane, and a fish gelatin�
cross-linked sugar beet pectin membrane was studied. Many food
emulsions are subject to some kind of heat treatment during their
production, storage, or application; for example, many products are
pasteurized or sterilized.1 The ability tomaintain physical stability is
thus an important criterion for the manufacture of emulsions.
There was no significant increase in themean particle diameter

of primary and laccase-treated secondary emulsions upon iso-
thermal heat treatment (p < 0.05), but mean particle diameter of
secondary emulsions increased at temperatures exceeding 70 �C
(p < 0.05) (Figure 4A). Nonetheless, no aggregation or coales-
cence was observed, and the emulsions had monomodal droplet
size distributions (PDI 0.103( 0.022). Similarly, the ζ-potential
of primary, secondary, and laccase-treated secondary emulsion
samples was not affected by heat treatment (Figure 4B). Typi-
cally, protein-stabilized emulsions are relatively sensitive to heat
treatment because they may undergo a change in conformation
when a certain temperature is exceeded.9 The heat-induced trans-
formation of proteins exposes reactive groups and/or hydrophobic
regions from the interior of the folded protein to the aqueous
phase, thereby promoting droplet�droplet interactions.4,29

Fish gelatin is known to have a hydrophilic random coil
structure.30 Flexible random coil polymers such as fish gelatin
usually adopt arrangements in which the predominantly nonpolar
regions protrude into the oil phase and the predominantly polar
segments protrude into the aqueous phase.36 Fish gelatin, in
particular, appears to form thin but elastic layers surrounding
the oil droplets, thereby stabilizing the oil-in-water emulsions
against coalescence and aggregation.37,38 The high hydroxypro-
line content in fish gelatin is thought to play an important role
in the stabilization of helical chains due to hydrogen bonding
to its hydroxyl group,37,39 whereas the entire glycine�
proline�hydroxyproline sequence appears to govern the overall
thermostability of gelatin.40 The high heat stability did, however,
not translate into a higher creaming stability; that is, a cream layer
was formed in primary emulsions during the accelerated cream-
ing test (Figure 3). The increase in the transmission at 30% of
the emulsio�ns height with increasing treatment temperatures
indicates that the susceptibility to creaming increases
the higher the emulsion is heated prior to the accelerated
creaming test.
For secondary and enzyme-treated secondary emulsions, no

creaming was observed (Figure 3). This is despite the fact that
secondary emulsions not treated with laccase had droplet
diameters that were statistically larger than those of laccase-
treated secondary emulsions (p < 0.01) (Figure 4A). This could
be due to a secondary activity of the enzyme promoting the hydro-
lysis of sugar beet pectin, a fact that we observed in our prior
study and that has been reported in the literature. The nature of

Figure 5. Impact of isothermal heat treatment, salt concentrations, and salt type on ζ-potential (A, NaCl; B, CaCl2) and mean particle diameter
(C, NaCl; D, CaCl2) of primary (1), secondary (2), and laccase-treated secondary emulsions (2+).
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the pectin used to coat the droplets governs the thermal stability
of emulsions. The pectin backbone consists of α-1,4-linked
D-galacturonic acid units (smooth regions), which are interrupted
by 1,2-linked L-rhamnose units (hairy regions). The lateral chains
consistmainly of D-galactose and L-arabinose, two neutral sugars.41

Sugar beet pectin used in our study differs in its physicochem-
ical properties from other conventional pectins. It has a higher
proportion of neutral sugars and a higher content of acetyl
groups.42,43 The higher neutral sugar content of sugar beet
pectin contributes to an enhanced emulsion stability through
viscosity effects, steric hindrance, and electrostatic interactions.44

The hydrated layer may prevent flocculation of the beet pectin
coated oil droplets upon heat treatment.

Influence of Thermal Treatment and Salt Addition on
Emulsion Stability. The mean particle diameter and ζ-potential
of oil droplets in primary, secondary, and enzyme-treated sec-
ondary emulsions remained constant regardless of combinations
of heat and salt treatments. Similarly, optical microscopy images
showed that no droplet aggregation occurred (Figure 5). Fish
gelatin acts as a thermoresistant steric barrier, preventing drop-
let aggregation of primary emulsions (see above). In secondary
emulsions, the hydrocolloid beet pectin forms a thick hy-
drated barrier, which is not easily affected by salt addition
and heating.45,46

Contrary to results of particle size and ζ-potential measure-
ments, an accelerated creaming test showed differences between

Figure 6. Dependence of the electrical charge (ζ-potential, A), mean particle diameter (B), andmicrostructure (C) on number of freeze�thaw cycles of
fish gelatin-coated (1), beet pectin�fish gelatin-coated (2), and laccase cross-linked beet pectin�fish gelatin-coated emulsion droplets (2+).
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primary, secondary, and enzyme-treated secondary emulsions.
Fish gelatin-stabilized emulsions were particularly prone to cream-
ing (Figure 3). Addition of high amounts of salt and heating
to high temperatures led to extensive creaming of primary emul-
sions. In comparison, secondary and enzyme-treated secondary
emulsions did not cream; that is, no increase in transmission at
600 nm was observed, indicating that the droplets did not
aggregate or flocculate or that the density difference decreased,
preventing the formation of a droplet-rich layer (Figure 3). This
may be attributed to the thicker interfacial membrane of sec-
ondary and enzyme-treated secondary emulsions.
Influence of Freeze�Thaw Cycling on Droplet Character-

istics. Finally, the stability of emulsions to withstand freeze�
thaw cycling was investigated. A variety of different physico-
chemical phenomena occur during frozen storage that may affect
the stability and properties of emulsion droplets including fat
crystallization, ice formation, freeze concentration, and biopoly-
mer conformational changes.13 When the emulsion is cooled to a
temperature at which the fat crystallizes but the water remains
liquid, partial coalescence may occur; for example, fat crystals
penetrate the membrane and, upon collision, aggregation may
occur.6,47When an emulsion is further cooled to a temperature at
which the water starts to crystallize, additional processes are
known to occur.13 The crystallization of water pushes the oil
droplets into closer proximity because the droplets are restricted
to the nonfrozen regions and thus concentrate in the aqueous
phase.48 Second, there may not be sufficient free water present to
fully hydrate the droplet surfaces, promoting unfavorable droplet�
droplet interactions.49�51 Additionally, the ionic strength of the
unfrozen aqueous phase surrounding the droplets is increased
due to the formation of ice crystals. This freeze-concentration
effect promotes the screening of electrostatic repulsion, which
may promote droplet aggregation.13,50,52 Third, the ice crystals
formed during freezing may physically penetrate and disrupt the
interfacial membrane, making oil droplets more prone to coales-
cence when the emulsion is thawed. Fourth, emulsifiers could

adsorb to the surface of ice crystals and thereby cause a decrease
in the concentration of emulsifiers in the oil�water interface,
stabilizing the oil droplets.13 Fifth, the membrane thickness of oil
droplets may play a role in the stabilization of emulsions during
freezing and thawing in the presence of low molecular weight
ingredients.52 Finally, the decrease of temperature may cause con-
formational changes of the adsorbed biopolymers, which could
lead to a loss of the protective function of the droplet membrane.
In our studies, freeze�thaw cycling caused no changes in

ζ-potential of samples, but we did observe differences in emul-
sions' stability of primary, secondary, and laccase-treated sec-
ondary emulsion (Figure 6A). The ζ-potential of the fish gelatin-
stabilized droplets in the primary emulsion remained positive
(+18.9 ( 1.2 mV) regardless of freeze�thaw cycles, and the
ζ-potential of the fish gelatin�beet pectin-coated droplets in
the secondary and enzyme-treated emulsions remained negative
(�21.5 ( 0.7 mV). There was a slight increase in the mean
particle size of primary emulsion after two freeze�thaw cycles
(p < 0.05) (Figure 6B). The mean particle diameter increased
from 222( 6 nm at zero cycles to 300( 26 nm after two cycles.
Although the mean particle diameter remained almost constant,
coalesced oil was visible in fish gelatin-stabilized oil droplets of
primary emulsions (Figure 7A,B). Layers formed by random coil
proteins are known to be less resistant to rupture than those
formed by globular proteins such as whey proteins.1,36 Ice crystals,
which are formed during freezing, may physically penetrate the
interfacial membrane, making oil droplets more prone to coales-
cence when the emulsion is again thawed,13,20 a fact that has been
previously described by Klinkesorn et al.53 and Aoki et al.8 SDS-
coated oil droplets displayed extensive oiling-off after a single
freeze�thaw cycle. The fish gelatin�sugar beet pectin-stabilized
emulsion exhibited extensive droplet aggregation after the first
cycle, which led to rapid droplet creaming (Figure 6C). Similar
results have previously been published for other secondary
emulsions.8,53 In contrast, the mean particle diameter of laccase-
treated secondary emulsion increased only a little (Figure 6B,C),
and freeze�thaw studies with oil-in-water emulsions stabilized by
cross-linked beet pectin also showed no coalescence and oiling-off
(Figure 7C,D). The improved stability of laccase-treated emulsion
may be due to the formation of diferulic covalent bonds between
the beet pectin molecules, which make the interfacial membrane
more resistant to rupture by oil and ice crystals or mechanical
forces that tend to push the droplets together during the freezing.
Key Insights. In summary, we can highlight a number of key

insights from our study:
• Fish gelatin may be used as an emulsifier to form surpris-

ingly stable oil-in-water emulsions with a single membrane layer,
because fish gelatin acts as a steric barrier to prevent droplet
aggregation or creaming caused by high salt levels or tempera-
tures. However, fish gelatin-coated oil droplets are prone to
coalescence after freezing and thawing.
•A double-layer interfacial membrane consisting of fish gelatin�

beet pectinmay improve the creaming stability of emulsions. Addi-
tionally, these multilayered emulsions show enhanced freeze�
thaw stabilities.
• Laccase promotes an enzymatic cross-linking of adsorbed

sugar beet pectin in multilayered emulsions, thereby improving
the stability of emulsions to heating. Moreover, laccase-treated
emulsions withstand freeze�thaw cycles without any sign of
(partial) coalescence and/or aggregation.
•Creaming experiments under normal gravitational condi-

tions at room temperature over a period of 10 days showed no

Figure 7. Dependence of coalescence on freeze�thaw temperature of
fish gelatin-stabilized oil droplets (before (A) and after (B) cycle) and
beet pectin-stabilized oil droplets (before (C) and after (D) cycle). Fish
gelatin-coated emulsions were incubated in a�8 �C water bath for 22 h
and thawed by incubating them in a 25 �Cwater bath for 2 h (scale bar =
50 μm). Beet pectin-coated emulsions were incubated in a �22 �C
refrigerator for 22 h and thawed by incubating them in a 25 �C water
bath for 2 h. Coalesced oil droplets appear as bright “dots”.
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evidence of creaming in any of the manufactured emulsions,
which is likely due to the small size of the oil droplets in primary,
secondary, and enzyme-treated secondary emulsions.54

’CONCLUSION

The study demonstrated that enzymatic crosslinking is a
valuable tool to further enhance the functional properties of
multilayered emulsions. A number of enzymes in addition to
laccase could be used to achieve such an effect, e.g. transgluta-
minase. In particular, in multilayered systems composed of both
proteins and carbohydrates, a combination of a pectin cross-
linker and a carbohydrate cross-linker could lead to the formation
of extremely elastic and resistant membranes, a hypothesis that
should be tested in future studies. Our results have important
implications for foodmanufacturers that are in need of producing
emulsions with improved physical stabilities, for example, emul-
sions used in frozen foods for sauces and dips. The above-
described approach could enable them to create foods that
maintain their quality despite destabilizing storage and transport
conditions.
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