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Abstract

The aim of this study was to design and characterize aqueous foams stabilized by egg
white protein microgels (EWPM) and compare their stability with conventional foams
stabilized by egg white protein (EWP). Sub-micron sized EWPM (hydrodynamic
diameter = 359 £ 21 nm) were designed using a top-down approach involving the
formation of a thermally-crosslinked egg white protein hydroget@®80 min, pH 7.0)
followed by controlled shearing using jet homogenization (300 bars, two passes)
Microstructural evaluation at multiple length scales (confocal laser scanning
microscopy and cryogenic scanning electron microscopy) indicated that tRMEW
stabilized the aqueous foams via a Pickering-type mechanism. Foamability was higher
in EWP-stabilized foams compared to EWPM-stabilized foams, irrespective of the
protein concentrations tested (0.5 - 3.0 wt%). However, EWPM-stabilized foams
exhibited higher stability to disproportionation over long periods (p < 0.05), even
though the initial air bubble size was smaller than with EWP. Bubble coalescence
experiments also confirmed that the fraction of the coalescence was much lower in
EWPM systems as compared to the EWP counterparts. Changes of surface shear
viscosities of EWP at the air-water interface indicated that EWP films were more brittle,
exhibiting shear thinning during the measurements, whereas the viscosities of the
EWPM films were independent of shear after 24 h of ageing. In summary, our study
demonstrates for the first time that microgel=d¥P have distinct advantages over
EWP itself in terms of generating edible foams with ultra-high stability against

disproportionation.
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1. Introduction

Foam stability is an important subject within food colloids because bubbles are

key ingredients in a wide range of food products that include, bread, cakes, ice cream,

confectionery and various other whipped prodyicts (Curschellas,

et al||[20dal.,

2019). Aqueous foam is defined as a two-phase colloidal structure that is present in a

non-equilibrium state containing water as the continuous phase in which gas (usually

air) is dispersed as bubbles or gas cglls (Drenckhan & Hutzler

2015). Foams, like

emulsions, are characteristically metastable systems, but tend to be even less stable, in

that the mean bubble size spontaneously can grow relatively quickly via

disproportionation and coalescence over the required lifetime of the product unless

careful measures are taken (Guevara, et al.,[2013).

The increase in average bubble s&zdriven mainly by drainage, coarsening and

coalescence, in decreasing order of thgpical ‘rates’, unless drainage is completely

arrested by solidification of the continuous phase by some means. In foods, proteins are

most widely used to stabilize agueous foams due to their ability to adsorb and unfold at

the interface resulting in the formation of viscoelastic interfacial fi

Ims (Jin, et al.

2017

Sarkar & Singh, 201l@hat provide some resistance to bubble disproportionation. This

can be improved further, e.g., by the application of high intensity ultrasound to

ovalbumin, to produce small protein aggrega+es (Gharbi & Labbafi,

3

2019).

Low
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molecular weight surfactants are good foaming agents and sometimes used in foods,

e.g., Tweeng (Adhikari, Howes, Wood, & Bhandari, 2

& Vliet, 2001

009), and monoglycs

rides (Bos

because the interfacial films are not as strong and more easily desorb.

, but generally these give very poor stability to disproportionation

In recent years there has been a resurgence of interest in using particles as foam

stabilizers|(Hu, et al., 20 LISMougeI, Bertoncini, Cathala, Chauvet, & Capron, 4019

Ren, et al., 201

9which can therefore be referred to as Pickering fo

ams (Valadpaigi,

Ettelaie, Kulak, & Murray, 2019). Pickering foams can have much longer life-times

than even protein-stabilized foams because of the high energies (DE) required to

remove the particles from the interface once they have adsorbed, the fundamental

equation (1) bein% (Binks, 20D2):

—AE = tr2y(1 — |cosf|)?

(1)

whered is the contact angle in the aqueous phase, r is the radius of the particle (i.e.

assumed spherical) andis the air-water (A/W) interfacial tension. The long-term

challenge has been to find appropriate food-compatible particles that give this Pickering

mechanism but, even more recently, protein-based microgel particles have been

proposed to fulfill this rolg

microgels generated from soy protg

(Sarkar, Zhang, Holmes, & Ettelaie,

in (Matsumiya & Murray,

Jiao, Shi, Wang, & Binks, 2018), zein protgin (Dali,

P019). For example,

016), peanut protein

et al., 2018) and whey protein

Heertje, 2014 Sarkar, et al., 2016b) have shown to give Pickering-type stability of
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foams and emulsions. Nevertheless, food microgel research seems to have focused

more on emulsions, whilst foams have attracted lesser attention to| date [Binks,

Muijlwijk, Koman, & Poortinga, 201[7).

Egg white protein (EWP) ia classi@al foaming agent in foods, for example, in
meringues and cake batters. However, in large scale manufacturing various

polysaccharides (e.g., guar gum, pectin, xanthan gum) are often required to maintain

the required overrun due to bubble collapse or shrinkage (Hao, et alj\N&jt60bi,

Vosooghi Poor, Mesbahi, Jamalian, & Farahnaky, PPt@szek, et al., 2016). The

polysaccharides added, but also the sugars (for sweetness) mainly act by increasing the
viscosity of the continuous phase but there are significant demands to improve the
stabilization of foams by EWP without sacrificing the appearanédeah-label’ and/

or reducing the calorific content due to sugars. One exciting strategy is to physically
structure EWP into microgels to generate the sortPatkering particle-stabilized
bubbles. This would enable entailing no change in the labelling requirements because
the stabilizer is still based on EWP and only requanelysical treatment.

Thus, in order to enhance and broaden the scope of EWP as a foam stabilizer, this
study aims to design sub-micron-sized EWP-based microgel particles, via physical
treatments, and to characterize the bulk and interfacial foam characteristics of such
particle-laden foams and compareittatability with conventional foams stabilized by
EWP alone. Besides characterizing the foams produced via microscopic techniques at
various length scales (confocal laser scanning microscopy and cryogenic-scanning

electron microscopy), we have measured the shrinkage and coalescence of individual
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bubbles and related this to the adsorbed film properties via measurements of their

interfacial shear rheology.

2. Materialsand methods

2.1 Materials

Chicken eggs were purchased from the local supermarket (Tesco Ltd., UK). Sodium
dihydrogen phosphate, di-sodium hydrogen phosphate and sodium azide were
purchased from Sigma-Aldrich (Dorset, UK). Water purified by treatment with a Milli-

Q apparatus (Millipore, Bedford, UK), with a resistivity not less than 18.2 MQ cm at
25°Cwas used for the preparation of phosphate buffer. The latter was used as the solvent

throughout the experiments with addition of 0.02 wt% sodium azide as a bactericide.

2.2 Preparation of samples
2.2.1 Preparation of egg white protein dispersion (EWP)
Egg white was manually extracted from the yolk of freshly purchased eggs manually

and then homogenized under magnetic stirring (500 rpm speed) for 2 h, as reported

previously|(Li, et al., 201{9). No further purification of the egg white protein dispersion

(EWP) was performed.

2.2.2 Preparation of microgels
Egg white protein microgels (EWPM) were prepared via a top-down approach of

preparing of heat-set protein hydrogel followed by controlled shearing using a previous



132 technique with some modifications (Sarkar, Kanti, Gulotta, Murray, & Zhang,| 2017).

133 Briefly, a 6.25 wt% EWP dispersion, obtained by diluting the EWP in 20 mM phosphate
134  buffer (PBS) at pH 7.0 was thermally-crosslinked by heating (quiescent)°at fe@

135 30 min in a water bath. The gel was then broken up into coarse pieces and passed (twice)
136  through the Leeds Jet homogenizer (University of Leeds, UK) at 300 bar.

137

138  2.2.3 Preparation of foams

139  Different concentrations (0.5 - 3.0 wt% protein) of EWP and EWPM were made up by
140  diluting the aqueous dispersions of protein or microgel particles with 20 mM phosphate
141  buffer at pH 7.0. Approximately 5 mL of these dispersions were placed in 15 mL test
142 tubes, sealed well then shaken by hand for 30 s in order to examine the foamability,
143  foam stability and visible structure of the foams.

144

145 2.3 Particle size of microgels

146  The particle size distribution (PSD) and polydispersity index (PDI) of the EWPM were
147  measured via dynamic light scattering by employing a Zetasizer Nano-ZS (Malvern
148  instruments, Worcestershire UK), using refractive indices of the EWPM and aqueous
149  phase of 1.45 and 1.33, respectively. Measurements were made in triplicat€. at 25

150

151 2.4 Measurement of foamability and foam stability

152 Bulk foam stability at room temperature (26 + 3 °C) was monitored via simple

153  measurements of foam height as a function of time, relative to the non-foamed solution
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height as described elsewhgre (Murray, Durga, Yusoff, & Stoyanov, P011b). In addition,

samples of the foam were pipetted from the samples into well slides and examined using

an optical microscope (PentaView, Celestron, Y&ih 20 x magnification.

2.5 Bubble disproportionation measurements

Bubble disproportionation experiments were conducted in a bubble apparatus
(University of Leeds, UK) using methodology developed by Dickinson, Ettelaie,
Murray, & Du (2002) and Murray, et al. (2002). Briefly, bubbles were introduceal via
specially designed “bubble syringe” into the middle of a stainless steel cell through a

hole in the wall of the pressurization chamber (when the piston is clear off the cylinder),
and bubbles were allowed to rise to the planar A/W interface at the top of the cell. These
bubbles were trapped within the perimeter of circular hole in a paraffin wax-coated
mica-sheet floating in the middle of the interface. Bubble size was monitored with an
optical microscope and a video camera for at least 9 h. ImageJ image analysis software
and Microsoft Office were used to analyze the size of the bubbles at different times
from the optical images captured. In order to compare samples, changes in individual
bubble sizes versus time and changes in the overall bubble size distribution as a function

of time are reported.

2.6 Bubble coalescence measurement
Bubble coalescence experiments were performed in a similar apparatus as mentioned

above, where a pressure drop was used to induce and accelerate instability of the foams.
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The simplified pressure drop apparatus has also been described in detail previously

Murray, Dickinson, Lau, Nelson, & Schmidt, 2Q05). Briefly, bubbles were injected

beneath the A/W interface into the same cell as described in section 2.5. A rubber O-
ring and a glass plate seal the top of the steel cell and a pressure drop is induced by
withdrawal of the piston whilst the bubbles at the A/W interface are observed. The
pressure drop causes the bubbles to expand at the same rate as the pressure drop (which

typically was 810.6 mbar), inducing bubble coalescence due to the sudden depletion in

adsorbed film coverage. As described previoysly (Murray, et al., 2011b), coalescence

tends to continue for a few seconds after the pressure drop has ceased but then stops
and the remaining bubbles are stable to coalescence. (Note that this experiment is
designed to induce coalescence in bubbles that are stable to coalescence at constant
pressure). The number fractioncfef bubbles that coalesced was then calculated by
simple counting of the bubbles in the images before and after the experiment.

Measurements were repeated at least eight times and mean valveseofdported.

2.7 Interfacial shear viscosity
Apparent surface shear viscosity) (experiments were conducted using a two-

dimensional Couette-type interfacial viscometer. The operating mode and methods

have been described in detail previously (Burke, Cox, Petkov, & Murray| Rutday,

Dickinson, & Wang, 2009). Briefly, a wire of suitable torsion constant suspends

biconical disk positioned with its edge touching the A/W interface of the sample

solution contained in a concentric circular dish. The rheometer was operated in a
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constant shear-rate mogle (Jourdain, Schmitt, Leser, Murray, & Dickinsor, 2009) when

the surface shear viscosity) {s calculated from:

n=gsKb;/w (2)

where, gis the geometric factor of the equipment i.e{Ry?) - (4n)%, where Ris the
radius of the disk (14.5 mm) and iRthe radius of the dish (72.5 mmyis the angular
velocity of the dish. Afixed value of  =1.27 x 10 ° rad s' was employed for
comparison with other systengsis the angle of rotation of the disk and K is the torsion

constant.

2.8 Confocal laser scanning microscopy (GDS

The foams stabilized by EWP or EWPM were observed via a Zeiss LSM 710 confocal
microscope (Carl Zeiss Microlmaging GmbH, Jena, Germany), where the EWP or
EWPM systems were imaged after mixing with 0.1 mL of 1.0% (w/v) Rhodamine 6G

protein stain. The samples were observed at room temperatut@£25°C), using x

63 objective at an excitation wavelength of 543 nm (Sarkar, Arfsten, Golay,

Acquistapace, & Heinrich, 2016a).

2.9 Cryogenic-scanning electron microscopy (cryo-SEM)

For cryo-SEM analysis, fresh foams stabilized by EWPM were imaged via an FEI Nova

450 SEM (Eindhoven, The Netherlands), as described by other resegrchers|(Binks,

10
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Campbell, Mashinchi, & Piatko, 20[L5). Briefly, samples were prepared by mounting a

small volume of fresh foam onto a copper holder and then placed in liquid nitrogen (-
208 °C) where the sample was frozen. Frozen samples were fractured using a sharp
blade and subliedfor 3 min at -9C°C, coated with a thin layer of iridium (2 nm) \éa

Cressington 208 HR sputter coater, then imaged at 3 kV.

2.10Statistical analysis

Each measurement was conducted at least in triplicate and SPSS version 19.0 was used
for statistical analysis of means and standard deviatioviewiy analysis of variance
(ANOVA) tests were carried out, and significance differences were defined when the

p-value was < 0.04sing Duncan’s Multiple Range Test.

3. Results and Discussion

3.1Characteristics of EWP M

The egg white protein (Li, et al., 2018) formed a thermally cross-linked gel at 6.25 wt%

protein (Supplementary Figure S1) which was then used to fabricate the microgel
particles via the jet homogenization process. As can be seen from Figure s, EWP
had a mean hydrodynamic diameter)(Bf ~ 359 nm, witha particle size distribution
showing the most prominent peak in the region 100-1000 nm and a relatively small
peak below 100 nm. The sn&lpeak probably represents EWP that somehow escaped

the microgel formation process. Similar small peaks has been previously observed in

the case of whey protein microgel formation (Sarkar, et al.,|2017).

11



242

243 3.2Microstructures of foams

244  Cryo-SEM images of EWPM are shown in Figure 1b. As seen, the surface of the fresh
245 foams seemed to contain mainly particles characteristic of the larger peak, i.e., 100-
246 1000 nm of Figure 1a. The CLSM images of the foams stabilized by EWP or EWPM
247  are shown in Figure 2. Figure 2a shows representative CLSM image of foams stabilized
248 by EWP. There is not a great deal of brightness (protein-labelled fluorescence) visible
249  around the bubbles. In contrast, with EWPM (Figure 2b) a much brighter and thicker
250 ring can be observed around the bubbles, suggestive of a much thicker adsorbed protein
251 layer, presumably formed of sub-micron EWPM particles, which seem more evident
252  when zooming in on the A/W interfaceiag-igure 2c and Figure 2d. All in all, particles

253  are clearly evident at the A/W interface of fresh foams at both the length scales (CLSM
254 and Cryo-SEM) that suggest a Pickering-type mechanism of stabilization a Pickering-
255 type stabilization mechanism seems to be clearly taking place in the fresh foams
256  stabilized by EWPM

257

258  3.3Foaming properties

259 It is known that the method employed for foam production teéadsfluence the

260  stability properties of aqueous foams (Drenckhan & Saint-Jalmes||Riffay &

261 [(Ettelaie, 2004)). In our experiment, we produced foams by hand-shaking for the same

262 time (30 £ 1 s) allowing a quantitative description in terms of foamability i.e. how much

263 foam is produced and foam stability i.e. how the foam evolves kinetically (Arnould, et

12
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al., 2014

Schmidt, Damgaard, Greve-Poulsen, Larsen, & Hammershgj

2018). One

advantage of hand-shaking is that it is relatively simple but reproducible and can be

performed in closed tubes, permitting the evolution of the foam over relatively long

times, in this case up to 7 days.

Figure 3 shows the foam volume of EWP (Figure 3a) and EWPM (Figure 3b)

dispersions at different protein concentrasi@s a function of time. (Supplementary

Figure S2 showing the corresponding optical microscopic imadesial foam

volumes i.e., foamability at O min increased with EWP concentration from 0.5 to 3.0

wt% (Figure 3a). However, initial foamability in case of EWPM was independent of

protein concentration (p > 0.05) (Figure 3Wjith EWPM, a more rapid decrease in

foam volume was observed within the first few minutes compared to the EWP-

stabilized foams (Figure 2s). Thus, foamability of EWPM was lower than EWP in the

shorer time scale. This might be attributed to EWP proteins adsorbing faster to the

A/W interface than EWPM by virtue of the smaller size of the for

mer (Ercili-Cura, et

al., 201%

Liu, et al., 2019Tang, 2019). Both EWP and EWPM shovwaedecrease in

foam volume over 7 days (168 h) but at the same protein concentrations, the foam

volume with EWPM did not decrease as significantly as with EWP, espeaidlig

higher concentrations (> 2.0 wt%, see Figure 3b).

In summary, there seemed to be an advantage in converting EWP to EWP microgel

(EWPM) in terms of improving the foam stability, but not necessarily the foamability.

This suggest that mixtures of EWP and EWPM might produce an optimal formulation

with high enough foamability and foam stability.

13
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Foams are mainly destabilized by disproportionation and coalesgence (Rodriguez

Patino, Carrera Sanchez, & Rodriguez Nino, 2008). Disproportionation is driven by the

differences in the Laplace pressure in the gas bubbles of differen{ sizes (Dampodaran,

2005|Wouters, et al., 2018). This results in gas diffusion from the smaller bubbles to

the larger ones because the solubility of the gas in the former bubbles is higher than that

in the latter ones| (Ettelaie, 20J03). Disproportionation of individual air bubbles

stabilized by EWP or EWPM was followed for up to 9 h; some initial and final bubble
images are shown in Figure 4. It is clear that for EWP, more bubbles remained at the
end of 9 h only at higher protein concentrations (Figae whereas for the EWPM
systems, the number of bubbles remained higher at all concentrations (Figure 4b). This

is despite the fact that the initial sizes of the bubbles in EWPM systems were generally

smaller, which is expected to accelerate shrinkage (Ettelaiej 2003).

In order to visualize better the bubble shrinkage, bubble size versus time of
individual bubbles in images such as those in Figure 4 are plotted versus time for EWP
and EWPM in Figures 5a and 5b, respectively. It should be noted that the diffusion of

gas bubbles at the edge of the mica hole and bubbles touchirenather during

shrinkage will differ from those not touching each other or the mica (Soderberg,

Dickinson, & Murray, 2008). Therefore, we have included only bubbles that were not

touching in the analysis in Figure 5. For EWP, the beisininkage was relatively rapid,
irrespective of the initial size of the bubbles, compared to EWPM. After 9 h virtually
most bubbles had disappeared (i.e., diameter = zero). In fact, most bubbles had
disappeared after only 360 min regardless of the protein concentration. In other words,

14
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raising the EWP concentration will not necessarily help to increase the foam stability
against disproportionation.

With EWPM (Figure 5b), the complete loss of bubbles was significantly less as
compared to that in EWP systems. Bubble sizes seemed to plateau out afmea. 75
although a few bubbles disappediat the lowest protein concentration (0.5 wt%).
Thus, in general, this confirmed that the foam stability of the EWPM systems was much
higher than that of the EWP systems, in this case due to disproportionation. One might
speculate that this was dtm a strongr and thicker interfacial films formed by the
EWPM that persisted towards the end of the shrinking proTesgswas tested in the
subsequent surface shear viscosity measurements, which is discussed later.

Changes in the overall bubble size distribution provides a more useful description

of foam stability|(Oliveira, et al., 2019), but this is difficult to obtain, except perhaps

by X-ray tomograpi (Solérzano, Pardo-Alonso, de Saja, & Rodriguez-Pérez,|2013).

The bubble experiments described so far represent the behaviour of a sort of two-
dimensional foam, where at least all the bubbles in one layer are easily visible. The
variation in the initial bubble size and the close proximity of neighbouring bubbles

means that the shrinkage kinetics are complex, some bubble growing at the expense of

other before shrinking later, et¢. (Ettelaie & Murray, 2015). Nevertheless, it was

interesting to calculate the bubble size distribution in the bubble layer at the planar A/W
interface for the different systems at different times.

The bubbles were divided into size classes ifi@vide and the number % in each
size class were calculated and are shown in Figures 6a and 6b, for the EWP and EWPM

15



330 systems respectively, at the different protein concentrations. The initial distribution is
331 shown in the left hand side of each panel and the distribution (after 9 h) is shown in the
332 right hand side. For bubbles stabilized by EWP at low protein concentration (0.5 wt%),
333  the initial bubbles sizes ranged from 60 to 430 gnb Higher EWP concentratign

334 gave a wider range of bubble sizes, i.e., extending larger bubbles. With time, the bubble
335 size distribution gradually shifted towards smaller diameters for all systems, but at the
336 higher protein concentrations, the final size distribution was wiéth EWPM

337  (Figure 6b) at all concentrations the initial distribution tended to be narrower than with
338 EWP. The distribution shifted to lower sizes and became more narrow after 9 h, there
339  being little difference between 0.5, 1.0 and 2.0 wt%, but 3.0 wt% EWPM definitely
340 seemed to give the most narrow and smallestlewibe distribution. Jakubczyk, et al.

341 (2019) and Parra, Ndoye, Benkhelifa, FlickAlvarez (2018) showed that a narrower
342  bubble size distribution gave a lower degree of disproportiondiianin the ‘two-

343  dimensional’ foams experiments reported here, every bubble is in contact with the

344  planar W/W interface, i.e., a bubble of effectively infinite curvature, so that there is
345  nothing to prevent diffusion between the two and shrinkage of all bubbles apart from
346  the adsorbed film. Thus, the almost complete cessation of further shrinkage after 100
347 to 200 min for most bubbles (see Figure 6b) points to the much greater stability to
348  disproportionation of the microgel protein compared to the non-microgel protein.

349 The other major factor that contributes to foam destabilization is bubble

350 coalescence (Murray, et al., 208urray, Durga, de Groot, Kakoulli, & Stoyanaqyv,

351 (2011a). Coalescence depends on the physical properties of gas phase, liquid phase and

16
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bubble characteristict (Yang & Foegeding, 4011). Figure 7 compares the number

fraction (k) of bubbles that coalesced after the application of the pressure drop (810.6
mbai) for the EWP and EWPM systems at different protein concentrations. For both

systems, Fdecreased with increasingprotein concentration, as observed previously

by [Wouters, et al., 2018), but notable differences were observed between EWP and

EWPM. For example, at 0.5 wt% proteing Was significantly (p < 0.05) greater
(approximately 3x higher atl3 5 %) for the EWP-stabilized bubbles compared to its
microgel counterpart (p < 0.05). At 3.0 wt% protein, Fc decreased to 8.8ufdrihe
EWP system, but this was still significantly (p < 0.05) higher (almost 5x higher) than
the bubbles stabilized by EWRNh other words, only 0.5 wt% EWPM was required
to give similar stability as 6x higher concentration (3.0 wt%) of EWP, highlighting the
higher resistance to coalescence imparted by the microgels.

It is tempting to propose that the higher stability of the EWPM systems was due to
the presence of the microgel particles at the A/W interface, giving adsorbed films that
can greater resist bubble shrinkage due to the higher desorption energy of the adsorbed

species and greater overall mechanical strength of the films, even if surface coverage is

not completqg (Kudryashova & de Jongh, 2008).

3.4Interfacial shear rheology

In order to obtain more directly some measure of the mechanical properties of the
adsorbed films, to see if this agrees with the explanation of the higher stability of the
EWPM systems proposed above, measurements of the interfacial shear rheology of the
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adsorbed films stabilized by EWP or EWPM were conducted. Interfacial shear rheology

is a very sensitive way of monitoring the formation and structuring of the adsorbed

protein layerg (Felix, Romero, Sanchez, & Guerrero, R019), that can be related, directly

or indirectly, to foam and emulsion stabililly (Murray, 208&irray, 2011{Murray &

Dickinson, 1996).

Figure 8 shows measurgdialues as a function of time at 0.5 wt% and 3 wt% EWP
and EWPM. A control experiment with only PBS (20 mM, pH 7.0) was also performed
between 0 and 24 h and, as expected, the measwvad zero. Both the protein and
particles caused large and rapid increase in the surface shear viscosity from time zero.
With 0.5 wt% EWP, 1 increased to over 6 x 103 mN s m! in the first 95 min, followed
by slower decrease to ca. 4.5 ¥ N s m! in the next 2 h. After leaving overnight,
had increased back again to 7 ¥ fN s m*, but subsequent measurements over the
following hour suggested a decrease again. In contrast, the EWPM gave a slower initial
increase to around 2.5 xLMN s m' in the first 2 h of adsorption, which overnight
increased slightly further to around 2.8 X 10N s m, followed by a negligible fall
(within experimental error). For 3.0 wt% EWP, n increased rapidly in first 80 min but
then, as at 0.5 wt%, decreased again in the next 2 h, this time to ca. 2.Sxlarly,
after aging overnighty appeared to have increased back again to 8 mh0s m!, but
started to decrease again in subsequent measurements. Beyond 30 min, all measured n
were lower at 3.0 wt% EWP than at 0.5 wt%. With EWPM at 3.0 wt%, there was a
similar slower increase in 1 over the first 30 min, with further steady increase to higher
values than for 0.5 wt% EWPM, reaching 3.9 ¥ i 4 h. Overnight this steady
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increase seemed to have continued, reaching ofenNI& m* after 1400 min and still

increasing, higher than the value measured for EWP at @5Adktvalues for the EWP

and EWPM are very high compared to many other pro{eins (Murray| 2011), i.e., these

films are very strong whilst the increases folbmlwbut decreases with EWP are

reminiscent of stress overshoot and the exhibition of a yield stress of strong films

Martin, Bos, Cohen Stuart, & van Vliet, 2002) when they are continuously measured

via such techniges This results in a final lower steady state stress and apparknt

the n measurements here the shear was applied intermittently for 10 min and the
corresponding shear stress at the end of this period was used to cajculéiis
procedure was adopted to try and avoid fracture of the films as they building, which
tends to lead to more irreproducible results. All such measyrae apparent, i.e.
dependent on the shear rate and shear time, but as long as the same procedure is adopted
this allows one to compare the behaviour of the systems qualitatively. Thus, one can
probably explain the slower build up i with EWPM at the same overall protein
concentration (0.5 wt%) as due to the slower diffusion @arrangement of the
microgels at the interface as compared to the proteins themselves, whilst the microgels
seems to give an adsorbed layer that is less likely to fracture under stress, possibly due
to the greater uniformity and coherence of the packed microgel layer. In addition, the

decrease im with EWP after 24 h indicated the brittle structure of the proteirsfilm
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Conclusions

Our findings seem to validate the hypothesis that EWPM stabilizes foams by a
Pickering-type mechanism and this is responsible for the long-term stability of aqueous
foams. Although higher foam volumes were obtained in egg white protein compared to
those stabilized by the egg white protein microgels at the same concentration, the
microgel-stabilized foams and bubbles showed better stability to bubble shrinkage
(disproportionation) and coalescence due to applied pressure drop. Measurements of
interfacial rheology qualitatively seemed to support the idea of the microgels forming
a more resilient and uniform adsorbed film, less liable to fracture, although only further
measurements at deformation rates corresponding to those occurring during the
shrinkage and coalesce can prove this conclusively. Nevertheless, the fundamental
insights from this study could pave the way for improvadrfactant free’’, edible
Pickering foam stabilizers for a variety of food and non-food applications (e.g.
cosmetics, pharmaceutical, biomedical), where foam stabilization by sustainable

natural particles is still an unmet research challenge.
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