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The heat stability of egg white stabilised emulsions was studied in the presence of monoglycerides, lecithin and
rhamnolipid biosurfactants. Rhamnolipids have a greater effect on the reduction of emulsion droplet particle size
than either lecithin or monoglycerides, with both the latter having virtually no effect even at high concentration.
The effect of all surfactants on heat stability is concentration dependent. There is trend towards a minimum in
heat stability (represented by the first order rate constant, k) for emulsions stabilised by all surfactants at a molar
ratio (R) of egg protein to surfactant of R = 50 for monoglycerides, R = 34 for lecithin and R = 61 for rham
nolipids. However, this trend is only statistically significant for the rhamnolipid emulsions. The largest decrease
in heat stability is observed for the rhamnolipid stabilised emulsion. The rhamnolipid biosurfactant is also the
only one of the three surfactants that is able to provide heat stability to the emulsion at high molar ratios,
presumably due to competitive displacement of the protein from the emulsion droplet surface. Analysis of the
thermodynamics of the heat-induced destabilization of the emulsions suggests differing mechanisms for the three
surfactants, probably related to the way in which the different surfactants interact with the adsorbed protein
layer. Molecular docking and molecular dynamics simulations confirm different binding affinity to egg proteins
for the rhamnolipid and lecithin surfactants.

1. Introduction
Surfactants find applications in a wide range of consumer and other
industrial products for their ability to form and stabilize interfaces be
tween two immiscible phases (Hasenhuettl, 2019). In foods, they aid in
the formation of oil-in-water emulsions, in combination with proteins,
by lowering the interfacial tension between the dispersed oil and
continuous aqueous phase (Bergenståhl & Spicer, 2019). The surfactants
are able to adsorb and lower interfacial tension rapidly at the nascent oil
water interface formed in the homogenizer, facilitating formation of
small droplets. Proteins lower interfacial tension more slowly but confer
long-term stability on the emulsion droplets. When proteins and sur
factants are present together in emulsions, they compete for interfacial
area at the emulsion droplet surface. Depending on relative surfactant
and protein concentrations, a protein-dominated, mixed or surfactant
dominated interface can form. This phenomenon of competitive
adsorption has been studied widely for protein-surfactant mixture

relevant to foods (Dickinson, Euston, & Woskett, 1990; Wilde, Mackie,
Husband, Gunning, & Morris, 2004) with the interfacial composition
and effect on emulsions properties being dependent on both protein and
emulsifier type.
There is a growing trend towards replacement of currently used
surfactants in foods with microbial derived biosurfactants (Salek &
Euston, 2019). A number of these have been identified and isolated from
bacterial and yeast sources. Of these, the two most common examples
are the sophorolipids and rhamnolipids (Salek & Euston, 2019). Bio
surfactants have a number of advantages over many synthetic surfac
tants. They are not derived from petrochemical feedstock but are
produced through fermentation with the potential to use sustainable
and/or waste feedstocks. They are considered less toxic, more biode
gradable and hence more environmentally friendly than many current
surfactants. Additionally, they are associated with a number of other
bioactive properties that may be desirable to food manufacturers
(Anestopoulos, 2020a, 2020b), One common surfactant that is a target
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for replacement in the food and other industries are mono and
di-glycerides of fatty acids. These are often derived from palm oil, an
industry that has been criticised for non-sustainable deforestation
practices (Linder & Palkovitz, 2019). If biosurfactants are to be used in
food systems for their functional properties, then these properties must
be assessed and compared to current surfactants to ensure equivalence
of function. There is a relative lack of information on the behaviour of
biosurfactants in food specific functionalities, in particular for rham
nolipids. In this paper we present results for the effect of rhamnolipids
on the heat stability of oil-in-water emulsions made with egg-white
protein, a property that is known to be heavily influenced by emulsi
fier type and concentration (Euston, Finnigan, & Hirst, 2001). This in
formation will be valuable to food manufacturers looking to incorporate
biosurfactants into liquid emulsion formulations that are subjected to
heat processing.

after heating for various times (and at different temperatures) was
measured using a Malvern Mastersizer 2000 laser diffraction particle
sizer (Malvern Panalytical, UK) assuming an absorbance of zero for the
emulsion droplets, and a refractive index of 1.43 for the oil, with water
as the dispersant.

2. Materials & methods

Where kn is the reaction rate constant and n the order of the reaction. For
a first order reaction equation (1) can be integrated to give a relationship
between the number of emulsion droplets at the start of heating N0 and
at any time during the heating process, Nt, i.e.

2.4. Analysis of the particle size data of heated emulsions
The heat stability data was analysed by calculating the rate constant
using the generalised rate equation.
The change in droplet number (N) with time is described by the
generalised rate equation,
−

2.1. Materials
Egg white powder was a gift from Marlow Foods plc. The protein
content was 80% (w/w) based on the total nitrogen content as deter
mined using an CE-440 Elemental Analyser (Exeter Analytical, UK).
Rhamnolipids and lecithin were purchased from Sigma Aldrich, and
distilled monoglycerides from Du Pont Nutrition Ltd. Sunflower oil was
purchased from a local Tesco supermarket. The composition of the
rhamnolipids were determined using UHPLC-MS (see methods), whilst
the manufacturers claim the lecithin is predominantly dipalmitoylphosphatidylcholine, and the distilled monoglycerides predominantly
glycerol monooleate.

dN
= kn N n
dt

Nt = N0 e−

kt

(1)

(2)

The ratio Nt/N0 is related to the volume average diameter (d3,0) of
the emulsion droplets (determined using the Mastersizer) by the
equation,
Nt
(d3,0 )t=0 3
=[
]
N0
(d3,0 )t=t

(3)

For egg protein emulsions we have assumed an order n = 1 (this was
based on fitting of the results to the integrated generalised rate equation
for orders n = 1, 1.5 and 2, Fig. 1). Weijers et al. (2001) have also

2.2. Analysis of surfactant composition
For the analysis of the congener composition of the rhamnolipid
samples a UHPLC system (Dionex Thermo Scientific, Ultimate 3000 with
RS Diode Array detector) in conjunction with the amaZon SL dual funnel
Ion Trap spectrometer System (Bruker Daltonik GmbH, Bremen, Ger
many) and analytical column of AcclaimΤМ RSLC, 120 C18, 3 μm 120 Å
(4.6 × 150 mm) were used. The elution method used as solvents A =
H2O, B=Acetonitrile (AcCN) and gradient elution: from 20%B to 100%
in 40 min following 100% B for 10 min and then back to 20%B in 5 min
and remaining 2 min in 20%B. The injection was 10 μl of the surfactant
sample (0.5mg/1 mL in 20% AcCN in water).
2.3. Heat stability of emulsions made with egg protein and surfactants
The effect of the rhamnolipids, lecithin and distilled monoglyerides
on the heat stability of egg protein emulsions was determined. Oil-inwater emulsions were made at an egg protein content of 1% (w/w),
20% sunflower oil (w/w) and varied surfactant contents (0–1.5% (w/
w)). The oil, protein, water and surfactant were premixed using an Ultraturrex homogenizer (IKA Ltd, Oxford, UK). The pre-mixed emulsion was
then circulated continuously through an APV high-pressure valve ho
mogenizer at 200 bar pressure for 10 min before collection in a clean
glass bottle. The homogenized emulsion was divided into 1 mL aliquots
in Eppendorf tubes. One tube was placed in iced water as a zero time
control sample. The remaining tubes were heated in a water bath at
various temperatures and tubes were removed and placed in iced water
after various heating times. This procedure was carried out for two sets
of emulsions. One set was prepared with constant (1% w/w) egg protein
and varied surfactant concentrations up to 1.5% (w/w) and was heated
at 90 ◦ C. The second set was prepared at constant (1% w/w) egg protein
with a limited set of surfactant concentrations (0, 0.2, 0.5% (w/w) for
rhamnolipid, 0, 0.2, 0.4% (w/w) for lecithin, 0, 0.1 and 0.3% (w/w) for
monoglyceride) and heated at different temperatures in the range
60–100 ◦ C. The particle size distribution of the emulsions before and

Fig. 1. Kinetic plots for egg white protein stabilised emulsions to determine the
order of the heat-induced destabilization reaction. Emulsions were made at 1%
w/w egg white protein, 20% w/w oil and were heated at 100 ◦ C for 3 min.
2
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observed first order kinetics for ovalbumin denaturation (the major
protein component of egg white). Assuming n = 1, a plot of ln (Nt/N0) vs
t should be linear with a slope equal to –k. Since protein aggregation is
generally assumed to be a two-stage process, a 1st order denaturation of
individual protein molecules followed by a biomolecular 2nd order ag
gregation step, this suggests that for egg proteins the denaturation step is
rate-limiting, and subsequent aggregation is fast. Previously, for whey
protein stabilised emulsions we have observed an order 1.5
heat-induced aggregation and breakdown (Euston, Finnigan & Hirst,
2000, 2001, 2002; Euston, Al-Bakkush, & Campbell, 2009). We should
note that implicit in our approach to calculating k is the assumption that
the aggregates produced are close packed and spherical. Whether this is
the case is not certain, so we must be cautious using this approach and
recognise that it is an approximation.
The temperature dependence of the heat induced break down of the
emulsion droplets can be followed since the reaction rate constant is
related to the activation energy (EA) for the reaction by the Arrhenius
equation,
k = Ae−

EA
RT

Å.
2.6. Molecular dynamics simulation
The conformations adopted by R1 or PC when interacting with
ovalbumin were probed using molecular dynamics simulation with
GROMACS version 5 (Abraham et al., 2015) using methods we have
used previously (Euston, Baird, Campbell, & Kuhns, 2013; Euston,
Bellstedt, Schillbach, & Hughes, 2011; Euston, Hughes, Naser & West
acott, 2008a, 2008b). The pdb structure files used in the AUTODOCK
calculations were also employed in the MD simulations. Ten surfactant
and one ovalbumin were placed in an 8 nm3 simulation box which was
subsequently solvated with SPC/E water (Berendsen, Grigera, &
Straatsma, 1987). The system was equilibrated for 20 ps at 300 K (NVT
ensemble, V-rescale thermostat) with protein and surfactant position
restrained, for a further 20ps unrestrained, and then with NPT ensemble
(isotropic coupling, Berendsen barostat) at 1 bar pressure, 300 K until
the box size equilibrated (up to 200 ps). The simulations were run in the
NPT ensemble for up to 100 ns.

(4)

3. Results

Where T is the temperature in Kelvin, R is the universal gas constant and
A is a pre-exponential factor. Plots of ln(k) vs 1/T are straight lines with
a slope equal to –EA.
To analyse further the heating data, the Eyring equation (5) is used to
calculate the free energy of activation (ΔG),
k=

kb T − RTΔG
e
h

Compositional data for the rhamnolipid samples are shown in the
supplementary material and allow calculation of an average molecular
weight for the rhamnolipid congeners present. Twenty-two congeners
have been identified, with the most abundant being the di-rhamnolipid
with two 10 carbons acyl chains (Rha-Rha-C10-C10, 17.1%). No single
rhamnolipid dominates the mixture, and there are also significant pro
portions of Rha-Rha-C10 (8.1%), Rha-C10 (13.1%), Rha-C8-C10 or RhaC10-C8 (10.1%), Rha-Rha-C10-C12:1 or Rha-Rha-C12:1-C10 (7.1%),
Rha-C10-C10 or Rha-C8-C12 or Rha-C12-C8 (13.1%), Rha-Rha-C10-C12
or Rha-Rha-C12-C10 (5.8%), and Rha-C10-C12 or Rha-C12-C10. From
this data the average molecular weight for the sample is estimated as
548.31 g/mol.
The molar ratio of the protein:monoglyceride and protein:lecithin
was based on the molecular weight of glycerol monoleate (358.57 g/
mol) and dipalmitoylphosphatidyl choline (734 g/mol), as these are the
major congeners reported by the manufacturers for these surfactants.
The effect of added surfactant on the mean particle size of the egg
white emulsions is shown in Fig. 2, where the initial Sauter mean
diameter (d3,2) of the emulsion droplets immediately after homogeni
zation, is plotted against egg protein:surfactant molar ratio. Here the
molecular weight of the egg protein was estimated from available data
for the protein composition of egg white (Damodaran, Anand, & Razu
movsky, 1998) as being approximately 67 kDa. Lecithin and mono
glycerides have a modest effect on the d3,2 as the concentration is
increased. These results are in agreement with earlier work on the effect
of selected surfactants on the d3,2 of whey protein concentrate (WPC)

(5)

The enthalpy (ΔH) and entropy (ΔS) of activation follow from the
equations,
ΔH = Ea − RT

(6)

and
ΔG = ΔH − TΔS

(7)

where the temperature T is in Kelvin, h is Planck’s constant and kb
Boltzmann’s constant.
2.5. Molecular docking calculations
Potential binding sites on ovalbumin, ovotransferrin, ovomucoid and
lysozyme molecules for rhamnolipid R1, and dipalmitoylphospati
dylcholine (PC) were identified using AUTODOCK 4 (Morris et al.,
2009), a method we have used previously (Tenney, Hayes, Euston, Elias,
& Coupland, 2017). The crystal structure of ovalbumin (1UHG.pdb)
(Yamasaki, Takahashi, & Hirose, 2003), ovotransferrin (1OVT.pdb)
(Kurokawa, Mikami, & Hirose, 1995), ovomucoid (1M8B.pdb) (Song,
Laskowski, Qasim, & Markley, 2003) and lysozyme (3WUL.pdb)
(Sugahara et al., 2015) were retrieved from the PDB database (www.
rcsb.org). These are the four egg white proteins where the 3-D tertiary
structure has been determined. The initial 3D coordinates of R1, glycerol
monooleate (GMO) and PC were generated using the Automated To
pology Builder (Malde et al., 2011). The protein and the ligand struc
tures were assigned the united atom approximation and Gasteiger
charges were applied using AutodockTools v1.5.6 (Morris et al., 2009).
The search space was defined by a grid box with 126 points of 0.375 Å
spacing in each dimension. For ovalbumin and ovotransferrin this was
not large enough to cover the full protein structure, so two or three
separate, but overlapping searches were carried out to give full search
space coverage. For each complex, 100 docking rounds were calculated
with AutoDock 4.2 using the Lamarckian genetic algorithm with the
default parameters of AutoDock v4 (Morris et al., 2009), except for the
maximum number of energy evaluations that were set to 250,000. The
resulting docked conformations were clustered using a tolerance of 2.0

Fig. 2. Average particle size of 20% oil, egg white stabilised emulsions con
taining different concentrations of monoglycerides, lecithin or rhamnolipids.
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emulsions (Euston et al., 2001). In this earlier studies, we observed a
similar trend for both PC and glycerol monostearate (GMS) where GMS
gave a slight decrease in d3,2 as the molar ratio of WPC:surfactant was
increased, whilst PC emulsions increased slightly in d3,2.
The effect of the three surfactants used in this study on the heat
stability of egg-white emulsions is illustrated in Fig. 3 where the first
order rate constant, k, is plotted versus the surfactant to protein molar
ratio. The influence of the lecithin and monoglyceride on emulsion heat
stability is far less obvious than that of the added rhamnolipid. Emul
sions with added lecithin show no change in the rate of heat-induced
breakdown up to molar ratios of about 25. Above this, there is a trend
of increasing k as the emulsions become less heat stable at R = 34 and
then k decreases gradually until the heat stability returns to the initial
value when no lecithin is present at R = 85. However, comparison of the
slopes of the regression lines used to calculate k indicate that consecu
tive pairs of k values for lecithin stabilised emulsions are not signifi
cantly different at p < 0.05. The effect of monoglyceride on emulsion
heat stability is less marked than for lecithin, although the same trend in
the k vs molar ratio curve are seen. Initially, like lecithin there is a small
increase in k up to a maximum at around a molar ratio of 50, and then k
decreases back to a value typical of the emulsion in the absence of
surfactant. Statistical analysis of the trend for increasing k in GMO
containing emulsions again suggests that this is also not statistically
significant. Rhamnolipid containing emulsions share some of the same
behaviour as lecithin and GMO, but the maximum k, around a molar
ratio of 60, is much greater than for lecithin and monoglyceride, and is
statistically significant. Moreover, after reaching a maximum k, the heat
stability of the emulsions rapidly increase (k decreases) and once the
molar ratio of protein:rhamnolipid reaches 100, the emulsion is stable,
with k approaching zero. This type of behaviour has been observed
before for a range of water and oil soluble surfactants added to whey
protein emulsions (Euston et al., 2001). The emergence of high emulsion
heat stability at higher concentrations of surfactant is explained in terms
of the competitive adsorption between surfactant and protein at the
oil-droplet surface. Euston et al. (Euston et al., 2000) found that for WPC
emulsions to be destabilised by heat required protein to be adsorbed
both at the emulsion droplet surface and to be found in the bulk
continuous phase. On heating, the denaturation of the protein led to
crosslinking between adsorbed proteins on separate droplets, mediated
by denatured bulk phase protein. When the adsorbed protein was dis
placed by low molecular weight surfactants crosslinking between
adsorbed proteins could not occur and the emulsion droplets remained
heat stable (Euston et al., 2001).
To explore the thermodynamics of the destabilization process,
Arrhenius plots for egg-protein stabilised emulsions heated at varied
temperatures and different surfactant concentrations are constructed in

Fig. 4. The surfactant concentrations chosen correspond to protein:sur
factant molar ratios that are at the maximum of the rate constant vs
molar ratio plots in Fig. 3, and below the maximum where the surfac
tants has negligible effect on k. The protein:surfactant molar ratios used
are 24 and 61 for rhamnolipid, 17 and 34 for lecithin and 37 and 56 for
GMO. The temperature dependence of k is bilinear for the majority of
surfactant concentrations used in the study, apart from emulsions with
the highest rhamnolipid concentration of 0.5% (protein:rhamnolipid
molar ratio of 61) where all k values fall on a single straight line. The
bilinear plots have a change of slope between 75 and 80 ◦ C. In studies of
heat-induced aggregation of proteins in solution, this change of slope
corresponds to the denaturation temperature of the proteins (Dannen
berg & Kessler, 1988). This temperature range for egg white protein
emulsion aggregation is somewhat higher than the denaturation tem
perature (70–72 ◦ C determined by rheology) that we found in earlier
studies (Raikos, Campbell, & Euston, 2007). Egg white is a complex
mixture of several proteins, each with differing denaturation tempera
tures. A typical composition of egg white has 54% ovalbumin, 12–13%
ovotransferrin, 11% ovomucin, 8% ovoglobulins and 3.4–3.5% lyso
zyme (Damodaran et al., 1998). Ovalbumin and ovotransferrin make the
greatest contribution to heat-induced denaturation of egg white
(Lechevalier, Croguennec, Anton, & Nau, 2011). These proteins have
reported denaturation temperatures of 84.5 and 65 ◦ C respectively
(Donovan, Mapes, Davis, & Garibaldi, 1975). It is possible that oval
bumin is preferentially adsorbed to the oil droplet surface in emulsions,
and it is this protein that is controlling the aggregation behaviour of the
emulsions during heating, thus explaining the higher denaturation and
aggregation temperature. Damodaran et al. (1998) have reported that
the composition of a mixed egg white protein layer at the air-water
interface depends on the ionic strength of the aqueous phase. At high
ionic strength (0.1 M) ovalbumin and ovoglobulins are preferentially
adsorbed to the interface, with the other egg white proteins excluded. At
low (0.002 M) ionic strength, a significant fraction of proteins other than
ovalbumin and ovoglobulins adsorb, and the adsorbed ovalbumin frac
tion is lower than its overall fraction in the protein mixture. This sug
gests preferential adsorption of ovalbumin in our emulsions is possible
and may explain the higher denaturation temperature compared to
non-emulsified egg white. It is also notable that the aggregation tem
perature for the emulsions suggested in the Arrhenius plots (i.e. the
crossover point of the two linear regions) is lower (75–80 ◦ C) than the
reported denaturation temperature of ovalbumin 84.5 ◦ C. Whilst this
could indicate a mixed interfacial adsorbed layer of ovalbumin with
other proteins of lower denaturation temperature, there is a second
possible explanation. In previous work, we noted that with emulsions
stabilised by whey protein, which is predominantly composed of
β-lactoglobulin (β-lac), the emulsions destabilised at a lower tempera
ture than the β-lac denaturation temperature (Euston et al., 2009). We
attributed this to the β-lac being surface denatured when it is adsorbed
to the emulsion droplets surface, and thus required less energy and a
lower temperature to denature and aggregate. It is possible that a similar
mechanism is at play in the egg white stabilised emulsions, and that the
ovalbumin adsorbed to the oil droplet surface is partially denatured and
will more fully unfold at a lower temperature. Weijers et al. (2001) have
determined the activation energy (Ea) for pure ovalbumin over the
temperature range 68.5–80 ◦ C. They found an Ea of 430–490 kJ mol− 1
depending on the experimental determination method used. In com
parison, in this study egg white stabilised emulsions in the absence of
added surfactant had an Ea of 234 kJ mol− 1 calculated from the slope of
the Arrhenius plot in Fig. 4a. This lower activation energy for the egg
protein in the emulsions is consistent with the protein being partially
surface denatured and thus requiring a lower heat input to initiate
further unfolding and aggregation.
Additional thermodynamic parameters have been determined for
egg protein and egg protein + surfactant emulsions for the two protein:
surfactant molar ratios using equations (5)–(7). The free energy of
activation (ΔG) is in the range 92–108 kJ mol− 1 for all emulsions studied

Fig. 3. Plot of the first order rate constant for heat induced emulsion destabi
lization in the presence of varied concentrations of monoglycerides, lecithin or
rhamnolipids. Emulsions were made with 20% w/w oil, 1% w/w egg white
protein and were heated at 100 ◦ C for up to 3 min.
4

C. Russell et al.

Food Hydrocolloids 116 (2021) 106632

Fig. 4. Arrhenius plots for egg white protein stabilised emulsions in (a) the absence of surfactants; the presence of rhamnolipids (b, c); lecithin (d, e); rhamnolipids (f,
g). The surfactant concentrations were chosen to be at the maximum in the rate constant plots in Fig. 3, and below the maximum.

(Table 1). In fact, it is expected that ΔG is relatively constant around
100 kJ mol− 1 based on a study of 18 proteins (Labuza, 1980) and our
own work on whey and soy proteins (Euston et al., 2009).
The relationship between the energy, enthalpy and entropy of acti
vation can be used to deduce details of the mechanism of emulsion
instability. One of two general mechanisms are expected. When Ea and
ΔG are relatively high and ΔS is positive, this suggests a mechanism
where denaturation of the protein is the rate-limiting step. This is the
case when egg white alone is used to make the emulsions (Fig. 4a,
Table 1) and when lecithin and monoglycerides are present in the heated
emulsions (Fig. 4d, e, f and g). In these systems, a relatively high energy/
enthalpy is required to unfold the protein, with the unfolded protein
being more flexible and able to adopt a wider range of conformations,
hence the increase in entropy. In contrast, when rhamnolipid is present
at 0.2% and 0.5% in the emulsion, a different behaviour is observed. At
low temperatures, a denaturation-limited reaction still occurs, but over

the higher temperature range (80–100 ◦ C) the Ea and ΔG are relatively
low and ΔS is negative. Here, a change to aggregation limited behaviour
has occurred, where the denaturation of the protein is seemingly quick,
but the aggregation of the emulsion droplets is slow. In this, the change
in entropy is negative because aggregation of the emulsion droplets
reduces the conformations adopted by the proteins. This would suggest
that rhamnolipid, unlike lecithin and monoglycerides, either makes the
makes the protein more susceptible to heat-induced denaturation or
displaces the protein from the interface, leading to this change to
aggregation-limited behaviour. The rhamnolipid concentration of 0.5%
corresponds to the maximum in the reaction rate versus molar ratio plot
(Fig. 3).
When a protein and low molecular weight surfactant are combined
as an emulsifying system these components will interact in two ways –
competitive adsorption for space at the interface and/or direct interac
tion between the protein and surfactant that modifies the adsorption of
5

C. Russell et al.

Food Hydrocolloids 116 (2021) 106632

properties of the proteins and protein-surfactant complexes will have
altered interfacial adsorption. Rhamnolipids bind non-specifically and
relatively weakly to proteins, and whilst they will denature some pro
teins (myoglobin and α-lactoglobulin) (Andersen & Otzen, 2014a;
Otzen, 2017) they also support refolding of proteins in some cases
(Andersen & Otzen, 2014b). Monoglyeride-protein interactions at
interface are reported to depend on the surfactant nature and protein
concentration (Niño, Sánchez, Fernández, & Patino, 2001) and to be
weak and not affect protein structure (Ericsson & Hegg, 1985). The weak
nature of the interactions at an air-water and oil-water interface is
because the protein interacts with the head group of the monoglyceride,
which is not charged, and therefore cannot interact with oppositely
charged groups on the protein. Phospholipids also do not affect the
structure of proteins, including ovalbumin (Mine, Chiba, & Tada, 1993).
Lyso-PC binding on the other hand altered the conformation of oval
bumin by increasing α-helix and reducing β-sheet content, whilst
increasing heat stability (Mine et al., 1993).
To understand better the possible interactions of egg white proteins
and surfactants we have simulated interactions between various egg
proteins and R1 and PC using in-silico docking, with complementary
molecular dynamics simulations reported only for the most abundant
egg white protein ovalbumin. Monoglyceride interactions were not
modelled since these are oil soluble and will only interact with the egg
protein at the interface, not in the bulk phase. From the Autodock study,
there is no evidence that either of the surfactants bind to the any of the
egg proteins at a specific binding sites, with a range of binding poses
identified (Fig. 5a and c for ovalbumin, and figures S3, S4 and S5 in the
supplementary material for ovotransferrin, ovomucoid and lysozyme).
Phosphatidylcholine has a very low affinity for ovalbumin with no
binding pose having a binding energy stronger than − 3.5 kJ/mol, whilst
rhamnolipid binding is stronger (strongest binding energy − 16.7 kJ/
mol) although still weak. The molecular dynamics simulation results for
ovalbumin (Fig. 5b and d) also revealed that PC has a stronger tendency
to adsorb as a micelle cluster rather than as individual surfactant mol
ecules as was observed for rhamnolipid. It is also noticeable that the
rhamnolipid and PC appear to bind to different regions of the ovalbumin
molecule in the docking simulations, with PC binding more strongly to
the extensive β-sheet regions of the protein, whilst rhamnolipid binds
preferentially to one end of the ovalbumin. For rhamnolipid, the binding
in the molecular dynamics simulations is, generally, in the same regions
of the ovalbumin molecule as for the docking simulations. For PC,
however, the aggregate of PC molecules bonds in a different region to
the docking simulations. In the molecular docking simulations, each
docking pose is generated for individual PC molecules, whereas in the
MD simulations the PC molecules have aggregated in solution prior to
interacting with the protein. In the aggregate, the lipid chains of PC are
at the centre of a micelle-like cluster and so cannot interact with the
hydrophobic regions of the protein. Interaction here, is through the
hydrophilic head group of the PC which is on the outside of the aggre
gate. In contrast, hydrophobic interactions between the lipid chains of
PC and the ovalbumin dominate interactions of the individual PC mol
ecules in the docking simulations. Of the other proteins, R1 always binds
more strongly than PC, although the binding is still weak, and in some
cases (PC with ovomucoid) energetically unfavourable. The strongest
binding pose identified is for R1 and ovotransferrin with a binding en
ergy of − 18.38 kJ/mol.
The binding of both PC and R1 to the major egg proteins is weak.
Although binding may well occur at the interface, and in solution under
quiescent conditions, whether the complexes would remain stable under
homogenization conditions, and thus play a role in the formation of the
emulsion is questionable. Similarly, it would appear unlikely that such
weak surfactant-protein binding will affect the heat stability of the
emulsions, and it is more likely that the large spikes in heat induced
destabilization for rhamnolipid containing emulsions are due to
competitive adsorption rather than complex formation. The emulsion
heat stability behaviour can likely be explained by the relative surface

Table 1
Thermodynamic data for egg white stabilised emulsions with added mono
glycerides, lecithin and rhamnolipids.
Surfactant

EA (kJ.
mol− 1)

T
(oC)

ΔG (kJ.
mol− 1)

ΔH (kJ.
mol− 1)

ΔS (kJ.
mol− 1.K− 1)

No surfactant

234

70
75
80
85
90
95
100
70
75
80
85
90
95
100
70
75
80
85
90
95
100
70
75
80
85
90
95
100
70
75
80
85
90
95
100
70
75
80
85
90
95
100
70
75
80
85
90
95
100

105
103
101
102
101
100
101
106
103
101
101
101
101
102
92
93
94
94
95
96
97
105
103
101
101
100
99
105
106
103
100
99
98
98
99
108
103
99
100
99
98
100
108
102
99
100
99
98
100

231
231
119
119
119
119
119
273
273
92
92
92
91
91
37
37
37
37
37
37
37
250
250
140
140
140
140
140
297
297
127
127
127
127
127
433
433
100
100
100
99
99
387
387
109
109
109
109
109

0.37
0.37
0.05
0.05
0.05
0.05
0.05
0.49
0.49
− 0.03
− 0.03
− 0.03
− 0.02
− 0.03
− 0.16
− 0.16
− 0.16
− 0.16
− 0.16
− 0.16
− 0.16
0.42
0.42
0.11
0.11
0.11
0.11
0.09
0.56
0.56
0.08
0.08
0.08
0.08
0.08
0.95
0.95
0
0
0
0
0
0.81
0.82
0.03
0.03
0.03
0.03
0.03

122

Rhamnolipid 0.2%
(w/w)

276

Rhamnolipid 0.5%
(w/w)

40

Lecithin (0.2% w/
w)

253

Lecithin (0.4% w/
w)

300

Monoglyceride
0.2% (w/w)

435.5

Monoglyceride
0.3% (w/w)

390

94.5

143

130

102.5

112

the protein. Competitive displacement of proteins from the oil water
interface in emulsions is a well-known and reported phenomenon and
has been observed with both monoglycerides and lecithin before
(Dickinson et al., 1990). Although not directly reported for rhamnoli
pids, it is highly likely that it also occurs with these biosurfactants. In
mixtures of proteins and small molecule surfactants, the surfactants out
compete proteins for space at the interface due to their greater mobility
and higher surface activity. At lower concentrations, a mixed
surfactant-protein interface forms, where the conformations that the
protein adopts is modified. At high enough concentration, complete
displacement of the protein can occur, leaving a surfactant stabilised
emulsion with consequences for stability (Nylander, Arnebrant,
Cárdenas, Bos, & Wilde, 2019). Interactions between surfactants and the
surface of proteins are also well known, and this will complicate the
co-adsorption of the two molecules. Some proteins, such as the milk
whey protein β-lactoglobulin have a specific binding site for small
molecule ligands (Tenney et al., 2017) whilst others show non-specific
binding. Both mechanisms of binding will alter the conformation and
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Fig. 5. Molecular docking and molecular dynamics simulation results for the binding of rhamnolipid (a and b) and lecithin (c and d). For the molecular docking
results (a and c) the 10 lowest energy conformations are plotted in their docking poses with ovalbumin. For the molecular dynamics simulations (b and d), 10
surfactants have been simulated with one ovalbumin and allowed to interact with each other and the protein.

activity of the surfactants and their ability to disrupt and displace the
protein from the surface. This is clearly demonstrated in Fig. 2 where
rhamnolipid has an impact on droplet diameter whereas the other sur
factants do not. The poor stability at intermediate rhamnolipid con
centrations (the spike in heat instability in Fig. 3) is probably due to
partial displacement of the egg white proteins resulting in an unstable
emulsion, because the rhamnolipid concentration is too low to support a
stable emulsion. This is supported by Fig. 4c where there is no transition
in the Arrhenius plot at the 0.5% rhamnolipid concentration suggesting
the denaturation of protein is not a dominant factor in the emulsion
instability.

having a greater ability to displace protein from the oil-water interface.
The work here suggests that biosurfactant use may lead to changes in
the heat stability of emulsions made with food proteins, and that careful
selection of ingredients and comprehensive reformulation may be
necessary to compensate for any changes to emulsion structure and
stability that may arise from this. That does not mean that replacement
of non-sustainable surfactants should not be pursued, as the benefits
clearly make a case for this. Rather, manufacturers may have to accept
the additional cost of reformulation and thermal processing redesign if
they are to realise the environmental and sustainability benefits of this
new class of natural surfactants.

4. Conclusions

Author statement

Food emulsions contain a combination of ingredients that are chosen
to both form and stabilize the oil droplet dispersion. How these in
gredients interact will determine stability properties of the emulsion.
Changing even one of these ingredients can have a profound effect on
the stability of the emulsion, and this presents a challenge to manufac
turers who may wish to reformulate food systems. The substitution of
synthetic surfactants for biosurfactants is an example of a potential
reformulation task.
We have shown that the presence of rhamnolipids leads to concen
tration dependent differences in the heat stability of egg white stabilised
emulsions when compared with lecithin and monoglycerides. At low
concentrations, all surfactants have little effect on the heat stability. For
lecithin and monoglycerides, increasing the surfactant concentration
does not affect the heat stability to any large degree, with any change in
heat stability not being statistically significant compared to egg white
emulsions in the absence of surfactant. For rhamnolipid, on the other
hand intermediate concentrations of surfactant lead to a large decrease
in heat stability, whilst increasing further gives an increase in heat
stability with, eventually, a concentration reached at which the
rhamnolipid-containing emulsions become fully heat stable. The dif
ferences between rhamnolipid-containing and lecithin and mono
glyceride containing emulsions can be explained by the rhamnolipids

Catherine Russell: Investigation, Formal analysis; Aikaterini A.
Zompra: Investigation, Formal analysis, Writing – review and editing;
Georgios A. Spyroulias: Funding acquisition, Supervision, Writing –
review and editing; Karina Salek: Supervision, Writing – review and
editing; Stephen R. Euston: Conceptualization, Funding acquisition,
Supervision, Formal analysis, Investigation, Writing original draft,
Writing – review and editing.
Declaration of competing interest
The authors declare no conflicts of interest.
Acknowledgements
This study was partly supported by the European Union’s Horizon
2020 Research and Innovation Programme under Grant Agreement No.
635340 (MARISURF). CR is grateful for the receipt of a James Watt PhD
Scholarship from Heriot-Watt University and AAZ and GAS the unit of
Instrumental Analysis Laboratory, University of Patras.

7

C. Russell et al.

Food Hydrocolloids 116 (2021) 106632

Appendix A. Supplementary data

Euston, S. R., Hughes, P., Naser, M. A., & Westacott, R. E. (2008a). Comparison of the
adsorbed conformation of barley lipid transfer protein at the decane− water and
vacuum− water interface: A molecular dynamics simulation. Biomacromolecules, 9
(5), 1443–1453.
Euston, S. R., Hughes, P., Naser, M. A., & Westacott, R. E. (2008b). Molecular dynamics
simulation of the cooperative adsorption of barley lipid transfer protein and cisisocohumulone at the Vacuum− water interface. Biomacromolecules, 9(11),
3024–3032.
Hasenhuettl, G. L. (2019). Overview of food emulsifiers. In Food emulsifiers and their
applications (pp. 1–9). Boston, MA: Springer.
Kurokawa, H., Mikami, B., & Hirose, M. (1995). Crystal structure of diferric hen
ovotransferrin at 2.4 Å resolution. Journal of Molecular Biology, 254(2), 196–207.
Lechevalier, V., Croguennec, T., Anton, M., & Nau, F. (2011). Processed egg products. In
Y. Nys, M. Bain, & F. Van Immerseel (Eds.), Improving the safety and quality of eggs and
egg products: Volume 1: Egg chemistry, production and consumption (pp. 538–581).
Elsevier.
Linder, J. M., & Palkovitz, R. E. (2016). The threat of industrial oil palm expansion to
primates and their habitats. In M. T. Waller (Ed.), Ethnoprimatology: Primate
conservation in the 21st century (pp. 21–45). Switzerland: Springer.
Malde, A. K., Zuo, L., Breeze, M., Stroet, M., Poger, D., Nair, P. C., et al. (2011). An
automated force field Topology builder (ATB) and repository: Version 1.0. Journal of
Chemical Theory and Computation, 7, 4026–4037.
Mine, Y., Chiba, K., & Tada, M. (1993). Effect of phospholipids on conformational change
and heat stability of ovalbumin. Circular dichroism and nuclear magnetic resonance
studies. Journal of Agricultural and Food Chemistry, 41(2), 157–161.
Morris, G. M., Huey, R., Lindstrom, W., Sanner, M. F., Belew, R. K., Goodsell, D. S., et al.
(2009). Autodock 4 and AutoDockTools 4: Automated docking with selective
receptor flexibility. Journal of Computational Chemistry, 30, 2785–2791.
Niño, M. R. R., Sánchez, C. C., Fernández, M. C., & Patino, J. M. R. (2001). Protein and
lipid films at equilibrium at air-water interface. Journal of the American Oil Chemists’
Society, 78(9), 873–879.
Nylander, T., Arnebrant, T., Cárdenas, M., Bos, M., & Wilde, P. (2019). Protein/
emulsifier interactions. In Food emulsifiers and their applications (pp. 101–192).
Boston, Ma: Springer.
Otzen, D. E. (2017). Biosurfactants and surfactants interacting with membranes and
proteins: Same but different? Biochimica et Biophysica Acta (BBA) - Biomembranes,
1859(4), 639–649.
Raikos, V., Campbell, L., & Euston, S. R. (2007). Rheology and texture of hen’s egg
protein heat-set gels as affected by pH and the addition of sugar and/or salt. Food
Hydrocolloids, 21(2), 237–244.
Salek, K., & Euston, S. R. (2019). Sustainable microbial biosurfactants and bioemulsifiers
for commercial exploitation. Process Biochemistry, 85, 143–155.
Song, J., Laskowski, M., Qasim, M. A., & Markley, J. L. (2003). Two conformational
states of Turkey ovomucoid third domain at low pH: Three-dimensional structures,
internal dynamics, and interconversion kinetics and thermodynamics. Biochemistry,
42(21), 6380–6391.
Sugahara, M., Mizohata, E., Nango, E., Suzuki, M., Tanaka, T., Masuda, T., et al. (2015).
Grease matrix as a versatile carrier of proteins for serial crystallography. Nature
Methods, 12(1), 61–63.
Tenney, K., Hayes, J., Euston, S., Elias, R., & Coupland, J. (2017). Binding of caffeine and
quinine by whey protein and the effect on bitterness. Journal of Food Science, 82(2),
509–516.
Weijers, M., Barneveld, P. A., Cohen Stuart, M. A., & Visschers, R. W. (2003). Heatinduced denaturation and aggregation of ovalbumin at neutral pH described by
irreversible first-order kinetics. Protein Science, 12(12), 2693–2703.
Wilde, P., Mackie, A., Husband, F., Gunning, P., & Morris, V. (2004). Proteins and
emulsifiers at liquid interfaces. Advances in Colloid and Interface Science, 108, 63–71.
Yamasaki, M., Takahashi, N., & Hirose, M. (2003). Crystal structure of S-ovalbumin as a
non-loop-inserted thermostabilized serpin form. Journal of Biological Chemistry, 278
(37), 35524–35530.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foodhyd.2021.106632.
References
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