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ABSTRACT

The protein concentration is known to determine the stability against coalescence during
formation of emulsions. Recently, it was observed that the protein concentration also influences
the stability of formed emulsions against flocculation as a result of changes in the ionic strength.
In both cases, the stability was postulated to be the result of a complete (i.e. saturated) coverage
of the interface. By combining the current views on emulsion stability against coalescence and
flocculation with new experimental data, an empiric model is established to predict emulsion
stability based on protein molecular properties such as exposed hydrophobicity and charge. It
was shown that besides protein concentration, the adsorbed layer (i.e. maximum adsorbed
amount and interfacial area) dominates emulsion stability against coalescence and flocculation.
Surprisingly, the emulsion stability was also affected by the adsorption rate. From these
observations, it was concluded that a completely covered interface indeed ensures the stability of

an emulsion against coalescence and flocculation. The contribution of adsorption rate and
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adsorbed amount on the stability of emulsions was combined in a surface coverage model. For
this model, the adsorbed amount was predicted from the protein radius, surface charge and ionic
strength. Moreover, the adsorption rate, which depends on the protein charge and exposed
hydrophobicity, was approximated by the relative exposed hydrophobicity (Qn). The model in
the current state already showed good correspondence with the experimental data, and was

furthermore shown to be applicable to describe data obtained from literature.
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1. INTRODUCTION
Proteins are widely used for the stabilization of emulsions [1-3]. The four main destabilization

mechanisms affecting a protein-stabilized emulsion are creaming, coalescence, flocculation and
Ostwald ripening [4]. During emulsion formation, proteins are typically considered to adsorb to
the interface, and thereby stabilize the emulsion against coalescence [5]. After formation, the
emulsion stability against flocculation is described to be determined by the charge of the

adsorbed protein layer [4, 6]. For oil-in-water emulsions destabilization by Ostwald ripening is
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often neglected, since typical triglyceride oils used in food emulsions, such as corn and peanut
oil, have a low solubility in water [8-10] and can therefore not diffuse through the water phase.

Next, the link between coalescence and flocculation of emulsions and the protein molecular
properties are reviewed. Based on this information and recent work, an empiric model is
proposed that links the stability against coalescence and flocculation to the protein molecular

properties such as size, charge and hydrophobicity.

1.1.  Stability against coalescence

Coalescence is reported to be the main destabilization mechanism during emulsion formation [5].
During formation, droplets with a certain defined size (ds 2, min) Will be formed, depending on for
instance power input, interfacial tension and mass density of the continuous phase [7]. If
sufficient protein is present to cover the newly formed interface (i.e. emulsion droplet)
completely, the droplets are considered to be stable (ds» = ds 2 min) (figure 1A). A lack of protein
in the continuous phase will lead to incomplete coverage of the interface. This in turn results in
coalescence during formation, until an interfacial area (i.e. droplet size) is reached for which
there is sufficient protein present (figure 1A). Coalescence can therefore be prevented by
increasing the protein concentration in the continuous phase. This explains the two characteristic
concentration regimes which are observed during emulsion formation (i.e. protein-poor and
protein-rich regime) [2, 11].

In the protein-poor regime (regime 1), the droplet size (ds ) is equal to the minimal droplet size
for which the complete interface can be (sufficiently) covered with protein, as described in
equation 1 [11]. The maximum adsorbed amount (I'nax) in this regime corresponds closely to that

of a monolayer [2, 12, 13]. Consequently, if the droplet size, calculated from equation 1 [11], is
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plotted against protein concentration, different curves are obtained depending on volume fraction
oil (Doi)) and T'max (figure 2A). Recently, the maximum adsorbed amount for a protein has
recently been described to be influenced by its molecular properties (i.e. size and charge) and

system conditions (i.e. ionic strength) [14], as was previously shown for hard-sphere colloids

[15-17].
In the protein-rich regime (regime I1), the droplet size is only affected by factors such as power
input, interfacial tension and mass density of the continuous phase (ds 2 = ds 2 min) (€quation 2).

6CI)oill—‘max
d3,2(|) ~ -, )C (1)
oil
ds,z(n) = d3,2,min (2)

where @ is the volume fraction oil [-], ['max is the maximum adsorbed amount [mg m™] and C
is the protein concentration [g L™].

Assuming the validity of equations 1 and 2, all curves are expected to superimpose onto a single
curve by correcting for the C, @i and I'max (figure 2B). In this curve one critical point (Fs) is
identified, where all curves shift from the protein-poor to the protein-rich regime. Using this
stability factor (i.e. Fs), the critical protein concentration (C) for any ®g; and I'max Can be
calculated by replacing the dsz, with the ds 2 min Of the system. In addition to these parameters (i.e.
C, Oyi and I'max), the shift between the protein-poor and protein-rich regime, and thereby C, has
recently been reported to depend on the exposed hydrophobicity (Qu) [18]. This was postulated
to be caused by the fact that an increase of Qu decreases the barrier for adsorption to the air-
water interface, resulting in a higher adsorption rate [14, 19]. The maximum adsorbed amount at
the air-water and the oil-water interface has, on the other hand, been described to be independent
of the exposed hydrophobicity of the protein [14, 19, 20]. A higher adsorption rate therefore

translates into faster coverage of the interface. This helps to prevent coalescence during
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formation, and is consequently expected to result in the formation of smaller droplets under
similar conditions. Accordingly, the adsorption rate has recently been proposed to affect the
initial droplet size of emulsions stabilized by surfactants and proteins [21]. In summary, the
critical concentration is expected to decrease with increasing exposed hydrophobicity due to an
increase of the adsorption rate (Kagsorb). Therefore, it is proposed that equation 1 for the protein-
poor regime can be approximated by equation 3.

6D,

d3,2(|) ~ 1—® o”)lezx (3)

oil adsorb
The importance of adsorption rate, even under turbulent flow, is demonstrated by the fact that
Gum Arabic, which is described to adsorb slower to the oil-water interface than p-lactoglobulin

[22], was described to form larger emulsions droplets than WPI at an equal concentration [23,

24].

1.2.  Stability against flocculation

Flocculation is reported to be the main destabilization mechanism during emulsion stabilization
[6, 20]. The occurrence of flocculation has often been explained based on the interactions (e.g.
electrostatic repulsion) between emulsion droplets [4, 6, 25]. In case of net repulsive interactions
(i.e. at a pH away from the iso-electric point (pl) and at low ionic strength), the electrostatic
repulsion between the adsorbed layer as a result of protein charge prevents flocculation. If the
charge decreases (i.e. shift of pH towards pl and/or an increase of the ionic strength), the
electrostatic repulsion decreases and the emulsion droplets may flocculate. However, recent
experiments have indicated that not only the inter-droplet interactions, but also the adsorbed
amount changes with conditions (i.e. ionic strength) [14, 26]. A change in adsorbed amount latter

was also observed for particle [15-17] and protein adsorption [27-29] at solid-liquid interfaces.
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The maximum adsorbed amount (I'nax) Was shown to increase with increasing ionic strength due
to a decrease of the effective radius of the protein (as a result of a decrease of the Debye
screening length) [17, 30-33]. Therefore, more protein is needed to reach the maximum
adsorbed amount and completely cover the interface. At higher protein concentrations, more
protein is present to supplement a partially covered interface, thereby resulting in an increased
stability against flocculation [18, 20] (figure 1B). This shows that both the stability during
formation (figure 1A) and after changes in the conditions (figure 1B) increases with increasing
protein concentration. It is, therefore, postulated that equation 3, which accounts for the adsorbed
amount (I'max) at the interface, describes the stability during formation, as well as the stability

after changes in conditions.

1.3.  Theoretical prediction of the maximum adsorbed amount

The maximum adsorbed amount was shown to be an important factor affecting the
emulsion stability against coalescence and flocculation. Therefore, it is of interest to
guantitatively predict the adsorbed amount for different proteins under different
conditions. Recently, the Random Sequential Adsorption (RSA) model with the effective
hard-particle concept [34-36] was successfully applied to describe I'max for globular
proteins at the air-water interface [14]. The theoretical maximum adsorbed amount for a
close-packed monolayer (I'mono, theory) Was predicted using equation 4 [14]. In accordance
with the RSA model, this prediction describes globular proteins as hard disks adsorbing at
a two-dimensional interface. At the jamming limit, the saturation coverage (0.) IS

approximated to be 0.547 [30, 37-39].
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10°M,
1—‘mono,theory = m 000 (4)
eff a

in which T'mono, theory 1S the theoretical maximum adsorbed amount of a close-packed
monolayer [mg m™?], M,, is the molecular mass of the protein [g mol™], Res is the
effective hard-sphere radius of an adsorbed protein [m], N, is the Avogadro constant
[6.022 x 10?® mol™] and 6., is the saturation coverage, which has a value of 0.547 for
irreversible bound, non-diffusing particles [30, 37-39].

The RSA model was originally developed for the adsorption of hard sphere, non-
interacting particles [40]. Later, the effective hard-sphere particle concept was introduced
to account for interacting particles [34-36]. The validity of the latter concept to describe
I'max Of globular proteins indicates that adsorbed globular proteins can be depicted as hard
sphere particles with a soft shell as a result of their charge. The effective radius of a
charged particle (i.e. globular protein) adsorbed at an interface can be estimated by the
hard-sphere approximation as the sum of the protein radius (Rp) and a characteristic
distance due to electrostatic repulsion [17, 30-33] (equation 5) [14]. Assuming a constant

surface charge, the effective radius (Resr) can be described by equation 6 [14].

Reﬁ _ Rp —%ln Udriving - K_l (5)
2nege, R,

R, =R, —1In Ri}cl (6)

where R, is the protein radius [m], Ugriving is the adsorption driving interaction [J], €o IS
the dielectric constant of a vacuum [8.85 x 10 C? J* m™], ¢ is the relative dielectric
constant of the medium [80], ¥y is the surface potential [V], k! is the Debye screening

length [m] and x is a constant [m]. The constant was found to be 1.77 x 10° m for
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B-lactoglobulin and ovalbumin and 0 m for lysozyme at pH 7.0 [14]. The radius of a
globular protein and the Debye screening length can be calculated using equations 7 [41]

and 8 [42], respectively.

R, :(WWT ™
47N ,

2N _e?l
= e ®)
&0, KT

in which v is the partial specific volume [0.73 x 10°® m® g™*] [41], e is the elementary

charge [1.602 x 10™° C], I is the ionic strength [mol m™], kg is the Boltzmann constant
[1.38 x 10 J K] and T is the temperature [K].

It is important to realize that the RSA model assumes that: 1) particles adsorb randomly
on the interface, depending on the fact whether or not they encounter an empty spot. 2)
adsorbed particles do not desorb from the interface; 3) adsorbed particles do not diffuse
on the interface [43]. For globular proteins, the first two assumptions have been validated
[44], whereas the latter can be debated. Two limitations of the RSA model are that it does
not account for multilayer adsorption and unfolding at the interface. The validity of the
model for globular proteins means that, under the tested conditions, the structural changes
upon adsorption are not significant and that the proteins do not form multilayers. This is
in contrast with commonly held views that proteins unfold at interfaces [45, 46] and may
form multilayers [5]. Several studies, however, suggested that protein unfolding at the
interface is concentration dependent [47, 48]. At low protein concentrations, the timescale
of adsorption is slower than the timescale of unfolding and spreading. At higher protein
concentrations, the opposite is the case (i.e. the timescale of adsorption is faster than the

timescale of unfolding and spreading), thereby preventing unfolding and spreading. For
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B-lactoglobulin at the air-water interface, no effect of protein concentration on the
adsorbed amount was observed at concentrations exceeding 0.1 g L™ [49], showing that
unfolding becomes negligible above this concentration. At the same time, to form an
emulsion or foam, a certain minimal amount of protein needs to adsorb within the
timescale of formation. Consequently, in each case where adsorption is sufficiently fast,
the protein concentration will be so high that it is even in the consensus view unlikely for

proteins to significantly unfold.

1.4.  Towards an empiric model for emulsion stability

The previous, especially equation 3, indicates that it should be possible to describe and to predict
emulsion stability based the adsorption rate and the adsorbed amount. Therefore, the aim of this
study is to confirm this view with new experimental data, and to establish a first empiric model.
To accomplish this, the effect and contribution of C, T'max and Kagsorb ON emulsion stability was

studied for different proteins at various ionic strengths.

2. MATERIALS AND METHODS

2.1.  Materials

Lysozyme (Lys; L6876, Lot n°® 051K7028; purity > 90 % based on size-exclusion
chromatography), pB-lactoglobulin (B-lg; L0130, Lot n°® SLBC2933V; protein content of
99 % (N x 6.38), of which 94 % B-lactoglobulin based on SDS-PAGE) and ovalbumin
(Ova; A5503 Lot n° 031M7008V; protein content of 98 % (N x 6.22), of which 92 %

ovalbumin based on agarose gel electrophorese) were purchased from Sigma-Aldrich (St.

10
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Louis, MO, USA). All other chemicals were of analytical grade and purchased from

either Sigma-Aldrich or Merck (Darmstadt, Germany).

2.2.  Quantification of exposed hydrophobicity

The increase in fluorescence intensity upon binding of 8-anilino-1-napthalenesulfonic
acid (ANSA) to the accessible hydrophobic regions of the protein is used as a measure of
the protein surface hydrophobicity [50]. The proteins were dissolved in 10 mM sodium
phosphate buffer pH 7.0 in a concentration of 0.1 g L™ The measurements were
performed on a Varian Cary Eclipse fluorescence spectrophotometer (Agilent

Technologies, Santa Clara, CA, USA) as described elsewhere [14].

2.3.  Zeta potential of protein solutions

Zeta potentials of the proteins in solution were determined with a Zetasizer Nano ZSP
(Malvern Instruments, Worcestershire, UK) using the laser Doppler velocimetry
technique. The proteins (10 g L™) were dissolved in 10 mM sodium phosphate buffer pH
7.0. The measurements were performed at 25 °C and 40 Volt. The results of five
sequential runs were averaged. Zeta potentials were calculated with Henry’s equation [51]

(equation 9).

_ 3,
6= 2¢F (k) ©)

in which ¢ is the zeta potential [V], 1 is the viscosity [0.8872 x 10 Pa s], pe is the
electrophoretic mobility [m? V! s, ¢ is the dielectric constant of the medium [7.08 x
10"° c? J' m™] and F(xa) is Henry’s function [-], which equals 1.5 using the

Smoluchowski approximation [51].

11
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2.4.  Emulsification

The protein solutions were mixed with 10 %(v/v) sunflower oil. A pre-emulsion was
prepared using an Ultra turrax Type T-25B (IKA, Staufen, Germany) at 9500 rpm for 1
min. Subsequently, the pre-emulsion was passed 30 times through a Labhoscope 2.0
laboratory scale high-pressure homogenizer (Delta Instruments, Drachten, The
Netherlands) operated at 15 MPa. The solutions were cooled on ice-water during
homogenization. Three different sets of experiments were performed:

2.4.1. Effect of protein concentration

B-Lactoglobulin was dissolved in 10 mM sodium phosphate buffer pH 7.0 at
concentrations of 1, 2, 2.5, 3, 4,5, 7.5and 10 g L™,

2.4.2. Effect of ionic strength

B-Lactoglobulin was dissolved in 10 mM sodium phosphate buffer pH 7.0 in the absence
or presence of 20 and 190 mM NacCl at concentrations of 1, 2, 2.5, 3, 4, 5, 7.5 and 10
g L™. Moreover, the ionic strength of the B-lactoglobulin emulsions prepared in the
absence of NaCl was adjusted to 30 and 200 mM with 2 M NaCl after emulsification.

2.4.3. Effect of adsorption rate (Kadsorb)

B-Lactoglobulin, ovalbumin and lysozyme were dissolved in 10 mM sodium phosphate
buffer pH 7.0 at concentrations of 1, 2, 2.5, 3, 4,5, 7.5and 10 g L™, 1, 2.5, 5, 7.5, 10, 15
and 20 g L' and 2.5, 5, 10, 15, 20, 25 g L™, respectively.

Subsequently, the emulsions were stored for 24 hours at 20 °C prior to further analysis.
For selected samples, it was confirmed that no significant changes occurred during this

storage period.

12
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2.5.  Zeta potential of emulsion droplets

Zeta potentials of the emulsion droplets were determined with a Zetasizer Nano ZS
(Malvern Instruments) using the laser Doppler velocimetry technique. The emulsions
were diluted 500 times to prevent multiple scattering. The measurements were performed
at 25 °C and 40 Volt. The results of five sequential runs were averaged. Zeta potentials

were calculated with Henry’s equation [51] (equation 9).

2.6.  Determination of droplet size

2.6.1. Diffusing wave spectroscopy (DWS)

As indication of the droplet size in situ, without dilution, DWS measurements were
performed as described previously [52]. The autocorrelation function was averaged from
five sequential runs of 120 seconds. Subsequently, the autocorrelation functions were
normalized by dividing the obtained g»(t)-1 values by the maximum measured value.
Normalized autocorrelation functions were then fitted using equation 11. This was
derived from Ruis et al. [52], assuming that <Ar%(t)> = 6Dt” for p < 1 = at* for x < 1.
g, (1) -1~ (e ") e (11)

The decay time (t1/2), Which is defined as the time at which g,(t)-1 decayed to half of its
initial value, was determined using the fitted equation. An increase of the decay time is
related to decreased droplet mobility [53, 54]. Although DWS in the tested regime
(droplet size and @) has been described to be suitable for sizing [55], the droplet mobility

is only used as an indication of the droplet size.

13
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2.6.2. Laser diffraction

The average droplet size of the emulsions was measured using laser light diffraction
(Mastersizer 2000, Malvern Instruments) equipped with a Hydro SM sample dispersion
unit. The droplet size was calculated using the general purpose model with a refractive
index of 1.45 and 1.33 for the droplet and continuous phase, respectively. The volume-
surface average diameter (ds») (equation 10) was reported as an average of at least five

runs.
dS,ZZZNidiglzNidiz (10)

in which N; and d; represent the number and diameter of droplets of size class i, respectively.

3. RESULTS AND DISCUSSION

3.1.  Colloidal model

Based on a simplified colloidal model (i.e. DLVO interactions), it is expected that
flocculation of emulsion droplets with a similar radius would occur when the zeta
potential of the emulsion droplets decreases below a certain critical value (i.e. decrease of
the electrostatic repulsion) [42]. As expected, an increase of the ionic strength (i.e.
decrease of zeta potential) destabilizes the emulsion with a low protein concentration (in
this case 2 g L™). This resulted in flocculation as indicated by a longer decay time (ty),
as measured by DWS (figure 3).

An increase of the ionic strength leads to a similar decrease of the zeta potential of the
emulsion with a higher protein concentration (in this case 5 g L™). Surprisingly, the
decrease does not lead to salt-induced flocculation for this emulsion. This observation is

explained by the fact that at an increased ionic strength more protein is needed to

14
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completely cover the interface. The emulsion with a low protein concentration cannot
comply with the need for protein (i.e. protein-poor regime). As a result, the interface
cannot be completely covered, leading to flocculation of emulsion droplets. If sufficient
protein is present in the continuous phase (i.e. at 5 g L™; protein-rich regime), the excess
protein adsorbs to the bare interface and stabilizes the emulsion against flocculation. This
proposed view is referred to as the surface coverage model.

To confirm that this stabilizing effect results from an increase of the protein
concentration, the protein concentration of the emulsion prepared at 2 g L™ is
supplemented to a final concentration of 5 g L™. As expected, this also results in an
emulsion which is stable against salt-induced flocculation. It is therefore concluded that
adsorbed layer, as considered in the surface coverage model, is of importance for the
stability of the emulsions. This is in line with previous studies showing the importance of
excess protein in the continuous phase for the stability against salt-induced flocculation
[18, 20].

A similar behaviour was observed for emulsions prepared in the presence of NaCl and for
emulsions of which the ionic strength was adjusted after emulsification. This shows the
analogy between emulsion formation and stabilization. Moreover, it confirms that, as
described in the surface coverage model, the protein concentration relative to the
adsorbed amount and interfacial area is important for both processes (as described by

equations 1 and 3).
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3.2.  Surface coverage model

Based on the above, the stability of a protein-stabilized emulsion during formation and
after changes in system conditions can be considered to be determined by the fact whether
the protein covers the interface completely. Since interfacial coverage is thought to be the
dominant factor, it will be referred to as the surface coverage model. However, so far the
model only comprises of a view, validated by some qualitative experimental results. In a
first approach, the effect of molecular properties and system conditions on emulsion
stability during formation (i.e. stability against coalescence) was studied to come to an
empiric model.

3.2.1. Effect of adsorption rate (Kadsorb)

To determine the effect of the adsorption rate (at a constant ionic strength of 10 mM), the
decay time and average droplet size of emulsions stabilized by three different proteins
(lysozyme, ovalbumin and B-lactoglobulin) was determined. This shows that the critical
protein concentration (C), which marks the transition from the protein-poor to the
protein-rich regime, shifts from > 25 g L™ for lysozyme to ~ 10 g L™ for ovalbumin and 2
g L™ for B-lactoglobulin (figure 4A). This difference is also reflected in the average
droplet size (ds2) at 5 g L™ which varies from 7.33 pm for lysozyme to 0.50 and 0.26 pm
for ovalbumin and B-lactoglobulin, respectively (figure 4B). Based on equation 1, the
difference between the proteins can be explained by a shift of the maximum adsorbed
amount (I'max). To test this, curves were plotted as described by equation 1, using ['max
calculated assuming a full monolayer coverage (I'mono, theory) Predicted by a model
described previously [14] (table 1). After this correction, the curves of the different

proteins do still not superimpose (figure 4C). This shows that the observed differences
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between the proteins cannot only be explained by differences in adsorbed amount.
Therefore, the initial adsorption rate (Kagsorb) 1S included as described in equation 3. At a
given concentration and ionic strength, the adsorption rate was described to increase with
increasing relative exposed hydrophobicity [14, 49]. Therefore, the relative exposed
hydrophobicity of the protein (Qy) was used as an indication for Kagsorn (table 1).

When corrected for Qu, all curves superimpose (figure 4D). All emulsions above the
stability factor (Fs) of 2 are in the protein-rich regime. This confirms that the critical
protein concentration is also affected by the initial adsorption rate (i.e. affinity of the
protein towards adsorption to the interface).

3.2.2. Effect of adsorbed amount (T'max)

To determine the effect of the adsorbed amount, the droplet size of emulsions stabilized
by B-lactoglobulin at different ionic strengths (i.e. 10 and 200 mM) were determined. An
increase of the ionic strength resulted in an increase of the average droplet size and decay
time measured by static light scattering (SLS) and DWS, respectively (figures 5A and B).
The increase of the droplet size is also reflected in a shift of the transition between the
protein-poor and protein-rich regime from ~ 2 g L™ at 10 mM to ~ 2.5 g L™ at 200 mM.
The effect of ionic strength was expected since the maximum adsorbed amount (I"max)
increases with ionic strength as a result of a decrease of the effective radius (Ref)
(equation 6). This is confirmed by the fact that the curves superimpose when the data is
corrected by I'mono, theory @CCOrding to equation 4 (figure 5C). As observed for the different

proteins, Fs equals 2.

17



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

3.3.  Application of the surface coverage model

As described above, for different proteins and at different ionic strength, the graph of ds»
as a function of C(1- @) Qn/6Doiil mono, theory SHOWS @ point where the emulsions reach the
stable regime (ds2 = d32 min) (i.e. C¢r = 2). This point is named the stability factor (Fs) and
has a value of 2 for all experiments. This shows that equation 3 can be applied to predict
the droplet size for the obtained experimental data, when the stability factor of 2 is

included (equation 12).

oil

_ Fs 6CD 1_‘mono,theory 12
Y a-9g)Q,C -

In the current state, equation 12 is only a first order approximation describing the stability
of emulsions as affected by ionic strength and concentration. Consequently, it needs
further development (e.g. rationalization of the approach and validation for different
conditions such as pH and ). Still, the proposed model can be applied to other
proteins, concentrates and isolates at different conditions (e.g. ionic strength, ®).
Therefore, experimental data (ds, as function of concentration) was collected from
literature [5, 20, 23, 56]. Subsequently, the curves of the droplet size under these
conditions were predicted using equations 2 and 12 assuming that I'max equals I'mono, theory
(equation 4) [14]. In addition, a Qu of 0.73 for patatin [20] and 1.00 for whey protein
isolate and concentrate (i.e. equal to -lactoglobulin) were used (figure 6). The theoretical
predictions of ds;, were in good agreement with the experimental results. This shows that
even in the current form, the model already shows a quite good quantitative

approximation of real, experimental data.
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3.4. Predicting emulsion stability

Using the current model (i.e. so far approximating Kagsorb By Qn), the critical protein
concentration (C.) that separates the protein-poor from the protein-rich regime can be
calculated for any protein under any condition using equation 13.

C — Fs 6(I) 1—‘mono,theory
“ (1_q)oil)QHd3,2,min

oil

(13)

The current model, as described in equation 13, only considers coalescence and
flocculation as possible destabilization mechanism. In practice, creaming also plays an
important role. The creaming rate of emulsion droplets (v [m s]) can be approximated by

Stokes’ law (equation 14).

L= 2(pd _pc)gR2
9.

(14)

where pg and p. are the mass density of dispersed and continuous phase, respectively [kg
m3], g is gravitational acceleration [9.80665 m s?], R is the radius of the emulsion
droplet [m] and n is the viscosity of the continuous phase [kg s™* m™].

If the creaming rate is in the order of 1 mm per day, creaming is considered negligible
[57]. Therefore, the stability of an emulsion against destabilization can be predicted by

combing equations 13 and 14 with a creaming rate of 1 mm/day (equation 15).

C _ Fs 6@ oiIFmono,theory
i 1.16-10° .9 15
(1_®oil)QH 2\/770 ( )
2(py — P9

4. CONCLUSIONS
The stability of emulsions during formation is found to be affected by the same factors as the

stability against flocculation after changes in conditions. In both cases, the stability is determined
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by the coverage of the interface. A completely covered interface increases the stability against
coalescence and flocculation. In addition to parameters related to the adsorbed layer (i.e.
maximum adsorbed amount and interfacial area), the adsorption kinetics also affected the
stability of the emulsion. Based on this information, the surface coverage model is proposed. The
proposed model describes experimental data (i.e. droplet size) quantitatively and can therefore be
used as a guideline to develop a more extended model for predicting the behaviour of protein-

stabilized emulsions under different system conditions (i.e. pH and ®).
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540 TABLES

541  Table 1. Protein properties obtained from literature.

. M, 2 QP r b ¢ Potential®
Protein w H mono,theory
[kDa] [] [mg m?] [mV]
B-Lactoglobulin 18.3 0.52 1.62¢ -21.2
Ovalbumin 42.8 0.10 1.73 -16.5
Lysozyme 14.3 0.03 1.58 2.0
542

543  “values obtained from the Swiss-Prot database (http://www.expasy.org). "literature values[14]. “T'mono, theory

544  for a B-lactoglobulin dimer.
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FIGURE CAPTIONS

Figure 1. Effect of low and high protein concentration on the emulsion stability against
coalescence during formation (A) and against flocculation after formation (B). The dark and light
grey circles represent the protein and the Debye screening length, respectively. The effective

radius of an adsorbed protein is a combination of protein and the Debye screening length.

Figure 2. Average droplet size (ds) as function of protein concentration (A) and as function of
C(1-Dyi))/6Doii'max (B) calculated from equation 1 with a d32 min of 1 um (equation 2) for
emulsions with @ = 0.2 and I'max = 3 Mg m (1), @oii = 0.2 and I'max = 5 Mg m (2) and Dy =

0.4 and Tmax = 3 mg m™ (3). The grey area in figure B represents the protein-poor regime.

Figure 3. Decay time (t12) as a function of the absolute zeta potential for emulsion droplets
stabilized by p-lactoglobulin at 2 g L™ (<), 5 g L™ (O), and 2 g L™ supplemented to a

concentration of 5 g L™ (O) (pH = 7.0 and ®g;; = 0.1). The solid lines are guides to the eye.

Figure 4. Decay time (t12) (A) and average droplet size (ds,) (B) as function of protein
concentration and average droplet size as function of C(1-®;)/6Deil'max (C) and as function of
C(1-®yi) Qn/6Doill'max (D) for emulsions stabilized by B-lactoglobulin (<), ovalbumin (A) and
lysozyme (L) (pH = 7.0, I = 10 mM and ®,; = 0.1). The grey area in figure D represents the

protein-poor regime. The inserts show the small droplet size regime. Lines are guides to the eye.

Figure 5. Concentration dependence of the decay time (t12) (A), average droplet size (ds>) (B)

and average droplet size as function of C(1-®gi))Qu/6Poill monotheory (C)  for
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B-lactoglobulin-stabilized emulsions at an ionic strength of 10 mM (<>) and 200 mM (A) (pH =
7.0 and ®,; = 0.1). The grey areas in A and B represent the protein-poor regime at ionic strength
of 10 (light grey) and 200 mM (dark grey). The grey area in C represents the protein-poor

regime. The inserts show the small droplet size regime.

Figure 6. Average droplet size (ds») for emulsions stabilized by B-lactoglobulin (pH = 7.0, | =
10 mM and @ = 0.1)[20] (A), patatin (pH = 7.0, I = 50 mM and ®,; = 0.1)[56] (B), whey
protein isolate (pH = 7.0, I = 10 mM and @ = 0.3)[23] (C) and whey protein concentrate (pH =
7.0, 1 =150 mM and @ = 0.28)** (D). The dashed lines represent the fit of the data using

equations 2 and 3, with Kagsorb = Q.
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