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Abstract: For years, cold plasma processing has been used as a non-thermal technology in industries
such as food. As interfacial properties of protein play a remarkable role in many processes, this study
investigates the effect of cold plasma on the foaming and interfacial behavior of WPI. The objective of
this study is to evaluate the effect of different gases (air, 1:1 argon–air mixture, and sulfur hexafluoride
(SF6)) used in low-pressure cold plasma (VCP) treatments of whey protein isolate (WPI) on the surface
and foaming behavior of aqueous WPI solutions. Dynamic surface dilational elasticity, surface tension
isotherms, surface layer thickness, and the foamability and foam stability were investigated in this
study. VCP treatment did not significantly affect the adsorption layer thickness. However, an increase
in induction time, surface pressure equilibrium value, and aggregated size is observed after SF6VCP
treatment, which can be attributed to the reaction of WPI with the reactive SF6 species of the cold
plasma. The surface dilational elastic modulus increased after VCP treatment, which can be related
to the increased mechanical strength of the protein layer via sulfonation and aggregate formation.
VCP treatment of WPI increases the foam stability, while the average diameter of foam bubbles and
liquid drainage in the foam depends on the gas used for the cold plasma.

Keywords: whey protein isolate; vacuum cold plasma; surface tension; surface visco-elasticity;
foamability; foam stability

1. Introduction

The interfacial properties of food component solutions, such as surface tension, surface
visco-elasticity, foamability, and foam stability, have been investigated systematically by
physicists, chemists, biologists, and in particular food scientists [1–3], because they have
an impact on the texture of popular foods like ice cream or whipped cream and they are
of great importance for the development of healthier products often modified by aerated
structures [4,5]. Proteins are one of the most important food ingredients that adsorb at
the air/solution interface and thereby create stabilizing films around bubbles in foam [6].
These layers also increase the visco-elastic properties of the foam film surfaces and help to
stabilize them [7].

Foam is a thermodynamically unstable system as the thin foam films tend to rupture.
Foam stability is governed by drainage, bubble coalescence, and bubble coarsening, effects
that act simultaneously [2]. To increase foam stability, surface active components are
required to form stable interfacial layers. Various modification techniques for proteins,
including chemical, physical, and enzymatic treatments, are widely used to modify the
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characteristics of protein adsorption layers [8,9]. For example, the foaming properties can
be altered by protein hydrolysis or by enhancing the proteins’ tendency to aggregate [10,11].
It has also been shown that higher foam stability is provided by globular proteins because
of their capacity to form visco-elastic networks at aqueous solution surfaces [7,12].

Whey protein isolate (WPI), a by-product of the dairy industry, is one of the primary
proteins in dairy formulations that, due to their distinctive nutritional and functional
properties, play a key role in the food processing industry to produce for example cake, ice
cream, whipped toppings, beverages, meringues, and bread [13,14]. It is known that the
denaturation of proteins has important effects on their foaming characteristics because it
alters the proteins’ surface properties, promotes protein–protein interactions, and alters
the mechanical resistance of the interfacial layers [15,16]. However, some studies have
showed that pronounced denaturation and the resulting aggregation can have also opposite
effects and destabilize foams because their precipitation decreases their surface activity
effectively [17,18].

In recent years, the development and evaluation of non-thermal technologies for protein
modifications have received a lot of attention due to concerns about the adverse effects
of heat processing in the food industry [19–22]. Cold plasma (CP), a fast developing non-
thermal technology, consists of highly energetic chemical species, especially reactive oxygen
and nitrogen species (ROS and RNS, respectively), that dissociate during the discharge and
interaction with the protein [23,24]. There is a lot of research on the use of CP to sterilize food
and to alter its physicochemical characteristics in a targeted manner [25–28]. However, only a
few studies have investigated the effect of CP on the structure and surface properties of
food compounds [23,26]. Among all CP methods, vacuum cold plasma (VCP) has recently
become the most popular plasma technology for the modification of surfaces [29–33]. The
suitability of VCP arises from several factors, such as the nature and amounts of reactive
species produced during plasma treatment. The efficiency of the treatment is mainly
determined by the type and composition of the processing gas used and the way of its
exposure [34–40].

There are a few studies that have investigated the effect of CP on the surface properties
of WPI [41,42]. In addition, in some studies, the surface properties of biodegradable
packaging films treated by cold plasma were investigated [43–46]. However, they showed
that the adsorption of protein at the air/water surface and the resulting surface visco-elastic
properties were changed depending on the operational conditions of the applied cold
plasma treatment. It has been shown that conformational changes in the protein molecules
lead to unfolding and aggregate formations, which were believed to be the reason for the
observed changes in the interfacial behavior.

However, despite these investigations about the effect of CP treatments, there is no
clear systematic understanding of the process conditions and their overall impact on the
food components, and the surface characteristics of adsorbed protein layers especially
remain rather unknown, including what their impact is on the final product properties.

In our previous work, we discussed how the structural and physicochemical properties
of WPI solutions are modified by VCP treatments that apply different process gases [47].
The current study continues this work and provides information about the effects of cold
plasma on interfacial and in particular foaming properties of WPI solutions at neutral pH.

2. Materials and Methods
2.1. Materials

Whey protein isolate (WPI) of commercial grade was supplied from Ingredia Co.
(Arras, France) with the following chemical composition: protein ≈ 92% (β-lactoglobulin,
α-lactalbumin, and bovine serum albumin: 69, 21, and 2% of the total protein, respectively),
moisture 5 ± 0.08% w/w, sulfated ash 1.5%, and a negligible amount of fat. All other
chemicals were of analytical grade and purchased from Merck Chemical Co. (Darmstadt,
Germany). All solutions were prepared using Milli-Q Ultrapure water.



Colloids Interfaces 2024, 8, 25 3 of 16

2.2. Cold Plasma Treatments

The WPI powder was placed in a glass container and put inside the vacuum chamber
of the plasma device (Femto Science Co. Ltd., Hwaseong, Republic of Korea) with a
dimension of 150 mm diameter and 320 mm length. All experiments were performed at a
supply power of 80 W, a gas flow rate of 15 mL/s, a pressure of 0.7 Torr, and a frequency
of 13.5 MHz. Samples of approximately 1 g of WPI powder were placed in an open glass
container with a narrow neck, and continuously rotated (3 rpm) during the plasma process.
Three types of gases were used as the source: air (AVCP), a 1:1 mixture of argon gas and air
(ARAVCP), and SF6 gas (SF6VCP). To avoid undesirable effects of high temperatures on
the proteins, the VCP treatment time of 15 min was divided into three cycles of 5 min each
with a 2 min pause required for the sample to cool down. To increase the efficiency of the
treatment, before using each gas, all oxygen in the chamber was discharged and replaced
by new gas which was controlled via the pressure in the chamber.

2.3. Preparation of Solutions

The stock solutions of WPI (20 mg/mL) were prepared by dispersing the WPI powder
in a phosphate buffer solution (0.01 M, pH 7.2 ± 0.1) using a magnetic stirrer rotating at
a speed of 300 rpm for 30 min at 25 ◦C, to avoid foam formation. The solutions were left
overnight at 4–5 ◦C to guarantee a complete hydration. The pH value of all dispersions
was adjusted to 7.2 ± 0.1 with a phosphate buffer solution after adjusting the temperature.
This pH range is well above the isoelectric point (IEP) of about 5.5 [48] for non-denatured
WPI and about 4.6 for denatured WPI.

2.4. Determination of Aggregate Size and Zeta Potential

The size of protein aggregates and their surface charge (Zeta potential) were measured
with a Zetasizer instrument Nano ZSP (Malvern Instruments Ltd., Malvern, UK). All
measurements were conducted at 25 ◦C and at a fixed WPI concentration of 0.1 mg/mL.
The aggregate size was calculated by a cumulative analysis of the autocorrelation function
and particles were assumed to be spherical [49], while the Zeta potential was calculated via
the Smoluchowski equation [50] since the ratio protein radius (a)/Debye screening length
(κ) was κa ≫ 1. The size distributions of aggregated particles were determined from the
scattered intensity.

2.5. Surface Tension Measurements

The adsorption layer properties of WPI in terms of kinetic and equilibrium surface
tensions, γ(t) and γeq, respectively, as well as the surface dilational visco-elastic modulus Er
at the air/water interface, were measured by an automated pendant drop profile analysis
tensiometer (PAT1, SINTERFACE Technologies, Berlin, Germany) as described, for example,
by Loglio et al. [51].

The surface tension was measured at 20 ◦C, over 10,800 s (3 h) as the equilibration time
for all WPI solutions [52]. To determine the surface pressure isotherm, WPI solutions in the
concentration range between 0.001 and 1 mg/mL were measured. All solutions were kept in
the refrigerator for 24 h and then stirred for 30 min before starting the measurements at room
temperature (20–25 ◦C). The equilibrium value γeq was defined as the value of γ(t) at time
t when it did not change by more than 0.1 mN/m within 30 min. The equilibrium surface
pressure (Πeq) was calculated as Πeq = γ0 − γeq, where γ0 = 72.5 mN/m at 21 ◦C is the
surface tension of the WPI-free aqueous solution (phosphate buffer at room temperature).

The adsorption kinetics γ(t) were also measured at short adsorption times, until a
few min after the formation of the WPI solution drop. This short-time behavior plays an
important role in foam formation. If the adsorption of the protein molecules at the surface
is controlled by diffusion, the plot of Π vs.

√
t should initially be linear, with a slope

proportional to the diffusion coefficient, according to the Ward–Tordai equation [53]. Note,
however, that for proteins at low bulk concentrations, an induction time exists during which
the surface coverage by adsorbed molecules is still too low to lead to a measurable surface
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pressure. This induction time tind decreases with increasing protein concentration [54].
Thus, tind is the most reliable quantity to characterize the adsorption kinetics at short
adsorption times. But in addition, the slope dΠ/(d

√
t) after tind has passed is a suitable

parameter to quantify the adsorption rate of the protein.
For the measurements of the surface dilational visco-elastic modulus E, sinusoidal

surface area compressions and expansions were generated by the PAT1 via decreasing and
increasing the drop volume. Drop oscillations were performed with a 7% amplitude of
the drop surface area (∆A/A = 7%) and at different frequencies f of 0.005, 0.01, 0.02, 0.04,
0.08, 0.1, 0.14, and 0.2 Hz. The modulus E is derived from the changes in surface tension
generated by the surface area changes ∆A/A, as described by Equations (1) and (2)

E = dγ/d(∆A/A) = dγ/d ln A, (1)

where
E = Er + iEi (2)

is the complex surface dilational modulus comprising the real and imaginary contributions
Er and Ei, respectively. Er is the dilational elastic modulus (storage modulus), while Ei
represents the surface dilational viscosity (loss modulus) [55].

For the visco-elasticity measurements, drops of an aqueous WPI solution, prepared at
a concentration of 0.01 mg/mL, were formed and allowed to, first, stay for 10,800 s (3 h)
at constant drop surface area to reach adsorption equilibrium. The sinusoidal drop area
oscillations were then six oscillation cycles that were generated at each frequency, followed
by a pause of 100 s before starting oscillations at the next frequency.

2.6. Ellipsometry Measurement

The equivalent thickness δ of the adsorbed protein layer at the air/water surface
in terms of the protein volume per surface area (δ = Vprot/Asurf) was determined by
measuring the ellipsometric angles ∆ and Ψ, which were obtained with a Multiskop
ellipsometer (Optrel, Germany). Starting from the known refractive indices of air (n = 1.000),
phosphate buffer (n = 1.333), and pure protein (n = 1.58) [56], δ was calculated from the
ellipsometric angles as described elsewhere [57]. Experiments were conducted in a Petri
glass dish containing 20 mL of a respective diluted protein solution of 0.1 mg/mL. After
24 h aging time, the ellipsometric angles were measured at a light angle of incidence of
58◦. During these long-time measurements, the Petri dish was covered by a glass lid to
reduce evaporation.

2.7. Foaming Properties

The investigation of foam properties of VCP-treated WPI solutions was conducted
using an air injection (bubbling) method similar to the Bikerman-type experiments [58]
in a home-built foam instrument. The height of the created foam and the amount of
drained liquid as a function of time were measured and used to calculate two characteristic
parameters: foam stability in percent (FS) and amount of drained liquid in percent (DA).

The two foam characteristics are defined by:

FS[%] =
Hfoam(t)
Hfoam,f

× 100 (3)

DA[%] =
Hliq(t)
Hliq,i

× 100 (4)

Here, Hfoam(t) refers to the height of foam at a given time (t), and Hfoam,f refers to
the maximum height of foam directly after gas injection has finished. Hliq(t) is the height
of the remaining liquid volume underneath the formed foam at time t counted after the
termination of gas injection, and Hliq,i is the initial height of liquid before gas injection. The
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foam half-life time (t1/2) is defined as the time, at which the FS value has reduced to 50% of
its initial value.

The aqueous foams were prepared at room temperature (23 ± 1 ◦C) with a solution
concentration of 20 mg/mL as the optimum value for the present studies. At concentrations
lower than 20 mg/mL, the foam becomes unstable. The protein solution was carefully
poured into a circular glass column (3 cm inner diameter and 30 cm height) up to a height
of 1 cm. The foam was then generated by sparging air from the bottom of the column
through a porous ceramic plate (porosity of 160–250 µm) at a fixed pressure of 0.2 bar. From
a preliminary test, it was observed that after 1 min bubbling time the available protein
solution of 1 cm height is almost transferred into foam. Therefore, after 1 min the airflow
was stopped (here the time is set to t = 0) for all samples and the foam height was measured
over time.

As the liquid drains out of the foam due to gravity, the location of the interface between
the foam and bottom liquid gradually moves up. This process was monitored as a function
of time to determine FS and DA. To visualize the changes in bubble size, photos were
taken with a digital microscope (Dino-Lite AM3113 digital, Torrance, CA, USA) with a
macro zoom lens (50×, f = 20–200 m), attached to the equipment close to the foam surface.
All pictures were digitized with the Image-J software (Wayne Rasband and contributors,
National Institutes of Health, Bethesda, ML, USA). The photos of foam bubbles were taken
at 5, 10, and 15 min after the termination of gas injection, which appeared as reasonable
times to be used for the comparison of the foam properties for different WPI samples.
The segmentation of the image was carried out manually in different colors to enable the
separation of contacting bubbles. Only complete bubbles were analyzed. For evaluating
the bubble size distribution, the percentages of bubbles in each class (<0.35, 0.35–0.55,
0.55–0.77, and >0.8) and the corresponding standard deviations were calculated on the
basis of triplicate experiments. The half-life time (t1/2) of the foam was calculated from
FS% [59].

3. Results and Discussion
3.1. Influence of VCP Treatment on the Size of Aggregates and Their Zeta Potential

The mean size and Zeta potential of protein aggregates in buffer solution in depen-
dence on the preceding VCP treatment are shown in Table 1. Only the VCP treatment with
SF6VCP increases the size of aggregates as compared with the untreated sample (N). The
increased aggregate size after SF6VCP treatment can be attributed to a strong oxidation
and denaturation [47] causing higher hydrophobicity and the formation of disulfide bonds
between the molecules. On the other hand, none of the employed VCP treatments were
found to affect the aggregates’ Zeta potentials (between −25 mV and −27 mV). The nega-
tive value is in good agreement with the fact that the measurements were carried out at
pH 7.2, i.e., well above the IEP of the WPI.

Table 1. Zeta potential, size of aggregates, equilibrium surface pressure Πeq, slope of dynamic
surface pressure dΠ/(d

√
t), induction time tind, and adsorption layer thickness measured at a WPI

concentration of 0.01 mg/mL. All values represent the mean of three replicate experiments. Values
marked by the same letter (a, b, c) are not significantly different from each other (p > 0.05).

Zeta Potential (mV) * Aggregate Size (nm) Πeq (mN/m) dΠ/(d
√

t) mN.m−1.s−1/2 tind (s) Thickness (nm)

N −27.0 ± 1.6 a 556 14.6 ± 0.3 a 0.2 ± 0.1 a 26 ± 0.3 a 1.5 ± 0.1 a

AVCP −27.5 ± 0.9 a 379 15.3 ± 0.4 a 0.3 ± 0.2 a 30 ± 0.4 a 1.3 ± 0.3 a

ARAVCP −26.6 ± 2.0 a 544 14.5 ± 0.2 a 0.3 ± 0.1 a 24 ± 0.1 a 1.5 ± 0.2 a

SF6VCP −25.6 ± 1.4 a 1036 17.0 ± 0.4 a 0.4 ± 0.1 b 44 ± 0.1 c 1.6 ± 0.1 a

* Analysis without quality criteria due to high polydispersity.
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3.2. Adsorption Layer Behavior of WPI
3.2.1. Surface Pressure Isotherm and Dilatational Elastic Measurement at Different
Concentrations

A series of solutions with WPI concentrations CWPI in the range between 0.001 and
1 mg/mL were prepared. The final γ-values after 10,800 s were taken as equilibrium values
γeq because the values of γ(t) did not change by more than 0.1 mN/m per 30 min. These
values were used to construct the surface pressure isotherm Πeq(CWPI) = γ0 − γeq. After
the adsorption equilibrium was reached, the dilational elasticity was measured also for
all WPI concentrations at the two different frequencies of f = 0.005 Hz and f = 0.2 Hz. The
dependence of the equilibrium surface pressure on the protein bulk concentration Π(CWPI)
is shown in Figure 1A.
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ducibility of the results was better than 0.5% and 3.0% for surface pressure and surface dilatational
properties, respectively).

The surface pressure isotherm Π(CWPI) shows a kink at 0.04 mg/mL (Figure 1A)
and then approaches a plateau value at the final bulk concentration of about 1 mg/mL
(Figure 1A). The kink point has previously been interpreted as the concentration at which
the protein starts to form a secondary adsorption layer [60]. The obtained value of the
concentration, where the kink occurs, is in agreement with results of previous studies
on WPI [61]. It should be noted that the shape of the Π(Cwpi) isotherm is typical for
adsorption layers of proteins and can be well described by a thermodynamic model [60].
The dependency of the dilational elastic modulus on the WPI concentration Er (CWPI)
is presented in Figure 1B. As can be seen, at a frequency of 0.005 Hz the value of Er
increases up to a protein concentration of 0.02 mg/mL, passes a maximum at values of
about 55–57 mN/m, and further decreases down to values of about 27 mN/m at a protein
concentration of 0.1 mg/mL. At the higher frequency of 0.2 Hz, the general course of Er is
similar; however, all values are generally larger by about 10–15 mN/m. The increase in
elastic modulus up to the concentration of 0.02 mg/mL can be attributed to the increased
adsorption of protein molecules at the surface. With the further increase in CWPI, Er starts
to decrease (Figure 1B), which can be attributed to a more efficient relaxation of molecules
in the secondary adsorption layer and between the two adsorbed layers [62–65]. At the
concentration of 0.02 mg/mL, we observe the highest surface elastic modulus and at the
same time a high surface pressure. This concentration appears therefore reasonable to be
used for the comparison of the surface behavior of the different WPI samples.
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3.2.2. Dynamic Surface Pressure Measurements

The initial adsorption of WPI at the air/water interface is the most important step in the
process of foam formation [66]. At the beginning of the adsorption process, at a sufficiently
low bulk concentration, and in the absence of convection, diffusion is the rate-limiting
process of the adsorption layer formation. This would mean that the surface concentration
should change proportionally with

√
t. Hence, a plot Π(

√
t) should be linear and give access

to the diffusion coefficient D, which is true for low-molecular-weight surfactants. However,
Fainerman et al. [60] have shown that at low protein concentrations, an induction time is
observed, within which the surface pressure does not change. Therefore, this induction
time tind is a more important parameter to quantify the initial adsorption of the protein
rather than the slope of the (

√
t)-curve. Still, we used the slope dΠ/(d

√
t) right after the

induction time has passed as a second useful indicator to determine the effect of VCP
treatment on the rate of WPI adsorption, as presented in Table 1 and Figure 2A.
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the different WPI samples and determined tind as the cross-section between the initial
horizontal line (with an uncertainty of ±0.1 mN/m) and the steepest slope [52,67] of
dΠ/(d

√
t) (see the solid straight line in Figure 2A). The obtained values are summarized

in Table 1. Most of the treatments have no significant effect on tind. Also, the values of
dΠ/(d

√
t) are quite close to each other, so we concluded that the VCP treatments have
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little effect on the early stage of the protein adsorption at the air/water interface. Only
the values for tind and dΠ/(d

√
t) obtained by the SF6 treatment are larger than those for

the non-treated WPI. The longer induction time and larger slope for the SF6VCP-treated
sample could be attributed to the presence of larger protein aggregates in the WPI solution
that decrease the rate of adsorption to the interface [47].

3.2.3. Surface Dilational Visco-Elasticity of Adsorbed Layers

To investigate the rheological properties of the WPI adsorption layers, we first deter-
mined the region of linear response by performing amplitude sweeps (∆A/A, 3–40%) at a
frequency of 0.04 Hz (see Figure 3A). Therefore, a comparatively small deformation of 7%
was chosen for a frequency sweep. The frequency dependence of Er, measured with this
amplitude before and after VCP treatments at a fixed concentration of CWPI = 0.01 mg/mL,
is presented in Figures 3B and 4A–D.
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of 7%.

The Er values for all solutions of VCP-treated WPI samples are larger than those
for the non-treated samples, most remarkably for ARAVCP (Figures 3B and 4). This
could be related to a different unfolding and exposure of the hydrophobic sites of the
protein to the interface, resulting in an increased intermolecular interaction and possible
rearrangement and aggregation of the adsorbed WPI molecules, so that a network is formed
at the air/water interface. Furthermore, as it has been shown in our previous study [47],
cold plasma treatment decreased the number of free sulfhydryl groups in the protein,
depending on the type of gas used, and may lead to new disulfide bonds, which in turn
increase the mechanical strength of the interfacial layer.

Nevertheless, the equivalent thickness values δeq for the WPI adsorption layers as
measured by ellipsometry (cf. Table 1) do not show any significant differences. Hence,
unfolding and the interaction between the protein molecules at the interface, instead of
an increase in the adsorbed amount, cause an increased dilational elastic modulus for
VCP-treated proteins.
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After equilibration, the time evolution of the dynamic surface dilational elastic modu-
lus Er at a concentration of 0.1 mg/mL and an oscillation frequency of 0.16 Hz (the highest
available frequency for this type of measurement with PAT1) was measured over 30 min.
As Figure 5A shows, Er gradually increases with time, which can be attributed to the
increasing amount of adsorbed protein molecules at the surface [53]. In addition, as seen
in Figure 4, the surface pressure changes during oscillations for all VCP-treated samples,
especially for the AVCP- and SF6VCP-treated samples.
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Thus, we can conclude that even after 3 h of adsorption, the WPI molecules have not
yet fully reached the equilibrium state of adsorption, but, probably due to the continuous
expansion and compression of the adsorption layer, further changes in its composition and
structure were going on. The expansion opens up additional free adsorption sites at which
additional proteins irreversibly adsorb, such that the adsorbed amount further increases
with time, and this increase is most pronounced for WPI treated with SF6VCP.

To identify the role of protein aggregation in the variations in Er, a solution of SF6VCP-
treated WPI at a concentration of 20 mg/mL in phosphate buffer was centrifuged (Thermo
Fisher, Darmstadt, Germany) at 10,000× g for 30 min at 20 ◦C. Such a centrifugation
should be sufficient to remove all particles larger than 1 µm, i.e., the insoluble fractions of
the aggregated protein [68]. Indeed, the results in Figure 5B show a decrease in Er after
centrifugation. This shows that the larger protein aggregates in the not-centrifuged sample
contribute significantly to the surface dilational elasticity. Over time, however, we observed
the same trend for the measured Er values, surely caused by a continuous adsorption of
additional protein molecules in the moments of surface layer expansion.

3.3. Foaming Properties

For applications of WPI as foaming agent, information on both the foamability and
foam stability are relevant. The start points of the curves in Figure 6A show the height
of foams generated for all studied WPI samples, which are all quite similar. The foam
height of the non-treated (N) WPI samples were slightly higher (11.5 cm) than those for
the VCP-treated samples (10.5–11) but the differences are not significant. Similar findings
were reported in [69], which revealed that after 15 min of CP treatment, the foamability
remained almost unchanged. As the induction time and the rate of adsorption values (in
terms of dΠ/d

√
t) for solutions of VCP-treated samples, shown further above, were close

to each other, similar foaming values were expected.
The stability of foams was determined by three parameters: FS (Figure 6B), bubble

diameter after 15 min (Figure 6C), and half-life time (t1/2). As can be seen in Figure 6A,
the t1/2 values obtained for ARAVCP-treated WPI solutions are found to be remarkably
higher as compared to the other WPI samples. In total, as can be seen in Figure 6A, all
VCP-treated proteins show a higher foam stability compared to the non-treated WPI. The
foam of SF6VCP collapsed at 13 min after the termination of bubbling but it does not
completely break down to zero: about 2 cm of foam remains in the column.
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Figure 6. Time evolution of the foam stability (A) (standard deviations less than 0.1 are not shown)
and liquid drainage amount (B) of 20 mg/mL WPI solutions (standard deviation values are ±0.5%)
after bubble sparging during 1 min.

ARAVCP-treated WPI has a slower drainage than the other samples (Figure 6B). The
most likely explanation for the increased foam stability after the application of ARAVCP
is that the protein was able to unfold at the bubble surfaces along with the subsequent
creation of a visco-elastic network due to stronger protein–protein interactions as was
reported in [58,70]. In this regard, all solutions of VCP-treated samples showed a slower
liquid drainage compared to the non-treated WPI of up to about 3 min (Figure 6B).

Earlier studies confirmed the effect of cold plasma on the increase in foam stability via
the decrease in the drainage and observed changes in the half-life time [41,69,71]. These
studies related the higher foam stability of WPI to the increased hydrophobicity of protein
and the presence of aggregates due to the oxidation of protein during the cold plasma
treatment [72,73]. However, they also showed that plasma treatment over a longer time
shows larger differences in the foam behavior.

The higher Er values of ARAVCP-treated WPI (Figure 3B) also support our findings
on the increased foam stability, which are that the interfacial layers with higher surface
elastic modulus have a reduced tendency to film rupture and hence there is reduced bubble
coalescence. Thus, protein-aerated systems need a high surface elastic modulus to prevent
rapid foam destabilization [74].

Figure 7A shows images of foams taken for the four WPI samples at 5 min, 10 min,
and 15 min after termination of the bubbling. During storage of the bubbles, liquid
drains out of the film lamellae, which causes the films to become thinner and eventually
rupture [75]. Therefore, foam stability increases when both the rate of coarsening and
bubble coalescence decrease.

In Figure 7B, the bubble composition of the WPI-stabilized foams is shown. The
evaluation of the bubble size distribution and average bubble size in the foams after 15 min
of drainage (Figure 7C) indicates that about 56% of bubbles for ARAVCP-treated WPI
comprises bubbles with average diameters lower than 0.35 mm. This percentage is higher
compared to the other VCP-treated samples. Although the percentages of smaller bubbles
after 15 min show no significant differences between ARAVCP-treated and non-treated
WPI, the number of smaller-size bubbles and their homogeneity in AVRVCP-treated WPI is
higher than for the non-treated WPI after 10 min of bubbling (Figure 7A). As we explained
further above (Figure 6B), ARAVCP-treated WPI shows the minimum rate of drainage
during the time up to 12 min, which supports the findings on the smallest bubble sizes
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(Figure 7C). Smaller bubble sizes and more narrow bubble size distributions lead to a
slower coarsening and results in a higher foam stability.
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Figure 7. Optical microscopy images of foams generated from WPI solutions at a concentration of
20 mg/mL: (A) during 5, 10, and 15 min, (B) at 15 min after termination of bubbling, with each
class of bubble diameter highlighted with a different color, and (C) histograms obtained from optical
images show the bubble diameter distribution analyzed by image J software (1.53k; java 1.8.0_172
(64-bit)); values are compared statistically in each class and those with the same superscript on the
column are not significantly different from each other (p > 0.05).

Among all VCP-treated samples, the SF6VCP-treated WPI shows a more narrow
bubble size distribution than other samples. However, it also shows the highest percentage
of big bubbles (0.55–0.85), which then rapidly collapse and lead to the largest percentage of
destroyed foam. It could be related to the higher sulfonation and excessive aggregation
produced by SF6VCP, which is not suitable for stable foam [23].
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4. Conclusions and Future Perspectives

Due to the high attractiveness of non-thermal processing technologies, cold plasma
treatments of proteins have been extensively reviewed and investigated from a chemical
and microbial point of view. Since interfacial properties of adsorbed protein are of great
importance in many technological areas, this study was dedicated to investigations of
protein adsorption layers and their role in foam formation and stabilization by WPI. It
is shown that the treatment by low-pressure cold plasma (VCP) leads to a modification
depending on the gases used. In particular, significant differences are observed in the
surface dilational visco-elasticity, leading to a reduced foam drainage and consequently
higher foam stability.

The findings allow predictions for how VCP treatments can be used in various food
applications. Since proteins have complex structures, different degrees of alteration result
in different changes in their properties, and future trends regarding the modification of the
interfacial properties by VCP treatments of proteins may be predicted. Therefore, further
research on the controllable alterations of proteins by cold plasma treatments at a low
pressure should let us expect further advancements in all fields where modifications of the
protein structure are relevant.
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