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Abstract: Like other proteins, the natural silk fibroin (SF) extracted from domesticated silkworms
can adsorb at the air/water interface and stabilize foam due to its amphiphilic character and surface
activity. At the interface, the adsorbed SF molecules experience structural reorganization and form
water-insoluble viscoelastic films, which protect foam bubbles from coalescence and rupture. The
solution conditions, such as protein concentration, pH, and additives, have significant influences on
the molecular adsorption, layer thickness, interfacial mechanical strength, and, thus, on the foaming
properties of SE. The understanding of the relationship between the interfacial adsorption, surface
viscoelasticity, and foaming properties of SF is very important for the design, preparation, and
application of SF foams in different fields.
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1. Introduction

Foam is a gas-in-liquid dispersion with gas bubbles separated by thin liquid films.
These thin liquid films are thermodynamically instable and will rupture eventually due
to drainage and van der Waals attractions, thus leading to foam collapse. Foam can be
stabilized by amphiphilic proteins or low-molecular-weight surfactants, which can adsorb
at the air/water interface and protect the gas bubbles against coalescence. Compared
with surfactants, proteins usually form thicker adsorbed layers and endow the foam with
higher stability, although they adsorb more slowly and result in larger bubble size [1].
Generally, the foaming properties can be quantified in terms of foamability and foam
stability. Foamability is defined as the capacity of the continuous phase to entrap gas and
depends on the rate of diffusion and interfacial adsorption of surface-active molecules [2].
Foam stability is the ability to retain the gas for a certain period of time, and relates to the
thickness, mechanical strength, and molecular interactions of the adsorbed layers [3]. The
mechanical resistance of the surface films to shear and dilatational deformations counteracts
bubble coalescence caused by film drainage and rupture. Therefore, understanding the
relationships between the adsorption, surface viscoelasticity, and foaming properties of
proteins at the air/water interface is very important for the design, preparation, and
stability control of foams stabilized by proteins.

It is commonly agreed that not only the intrinsic molecular properties but also the
solution conditions such as protein concentration, pH, and additives remarkably affect
the interfacial adsorption, film formation, and thus the foam stability [4,5]. High protein
concentrations can lead to the formation of a multilayer of globular proteins and, thus,
enhance the foam stability [6]. At pH near the isoelectric point (pl), proteins usually show
poor foaming properties because of their strong hydrophobic interactions in the formed
surface films [4,7,8]. Acidic pH can help some proteins adsorb much faster and give a
higher elastic modulus by dissociating into small subunits with better flexibility [4,9]. Even
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at the same pH, different proteins exhibit different foamability due to the difference in
adsorption and unfolding rates [10]. The charge of proteins also plays an important role
in their adsorption and foaming properties [11,12], and reduced electrostatic repulsion
between molecules at the interface can improve the foam stability [2,13]. Salts with different
ions can alter the effective surface charge of proteins by interacting with the amino acids,
and then change the conformation and molecular interactions of proteins and the formation
and stability of surface films [5]. Increasing ion valence or concentration in a certain range
can enhance the protein adsorption and the foam stability, due to the decrease in net surface
charge, the promotion of protein—protein interactions and the increase in surface dilatational
elasticity [5,11,14]. For example, lysozyme in its native state forms a fragile monolayer film,
but the addition of NaNOj leads to a thick and strongly viscoelastic film, in which lysozyme
transforms its secondary structure from helix to § sheet [15]. Similar to salts, surfactants can
also accelerate the interfacial adsorption and enhance the foamability of proteins. However,
a competitive adsorption exists between proteins and surfactants, which may result in
the decrease in the interfacial modulus and foam stability [16-18]. Different surfactants
exhibit different competitive adsorption effects on some proteins [19]. The displacement of
B-lactoglobulin (B-LG) by the anionic sodium dodecyl sulphate (SDS) can be described by
the nucleation of surfactant domains at the foam bubble surfaces without significant domain
growth. In contrast, the displacement of -LG by nonionic Tween 20 surfactants includes
both nucleation and growth of surfactant domains, with the rupture of protein networks
and the disappearance of shear elasticity [18,20]. Although Tween 20 decreases the surface
dilatational modulus of soy globulins because of competitive adsorption, it accelerates
their interfacial adsorption and improves the foamability and foam stability [16,17]. The
interfacial interactions between proteins and surfactants are driven not only by their surface
activity, but also by the abilities of proteins to form networks [16].

Silk fibroin (SF), a natural protein extracted from domesticated silkworms, has at-
tracted great attention in various biomedical fields due to its unique mechanical properties,
excellent biocompatibility, and low immunogenicity [21-23]. As a kind of fibrous structural
protein with the components of amino acids glycine, alanine, and serine, SF can arrange into
different forms of random coil, -helix, and crystalline -sheet [23], and can be processed
into different forms of film, gel, membrane, powder, and porous sponge as well [24,25]. Due
to the existence of highly repetitive amino acid sequences with alternating hydrophobic
and hydrophilic blocks along the molecular chains, SF exhibits an amphiphilic character
and can adsorb at interfaces between water and hydrophobic media (such as air or oil) to
form stable viscoelastic films [26]. Using a combination of transmission electron microscopy
and electron diffraction techniques, it was found that SF at the air/water interface exhibits
a silk III conformation, an approximately hexagonal packing of protein molecules in a
left-handed threefold helical chain conformation [27].

Like other proteins, SF can also form viscoelastic protective films at the air/water
interface and stabilize foam. SF foams were successfully utilized to prepare some special
and functional materials for creative investigations and biomedical applications. SF foam
can produce single crystals of SF in the metastable silk I polymorph after being dried and
sonicated [28]. The injectable SF foams fabricated by using low-pressure nitrous oxide
gas or freeze-processing techniques allow SF to support tissue regeneration as a porous
bioactive degradable filler [29,30]. It was demonstrated that the freeze-dried microporous
SF foams are useful for constructing long-term controlled drug release systems [31,32].
Through a new method of compressing the SF foams, the porous SF membranes can be
obtained for tissue scaffolding applications [33]. The production of stable SF foams is very
important for their applications. As mentioned above, the foamability and foam stability
of SF are closely related to its interfacial adsorption and the mechanical resistance of its
interfacial films. In this review, we present a summary about the state of the art on the
adsorption, surface viscoelasticity, and foaming properties of SF at the air/water interface
with the effects of different solution conditions. The techniques of dynamic surface tension
measurements as well as surface dilatational and interfacial shear rheology provide a lot of
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important information on the molecular interactions during adsorption, the mechanical
strength of adsorbed layers, and the long-term foam stability [1]. The insights gained can
provide a basis for the design, preparation, and application of biocompatible SF foams.

2. Preparation and Features of Aqueous Silk Fibroin Solution

Aqueous SF solutions are typically prepared from fresh domestic Bombyx mori cocoon
shells by sericin extraction, cocoon fiber dissolution, and solution dialysis. They are then
diluted with the solutions at different solution conditions to the desired concentration
(Csp) [34-37]. The pl of SE at which the zeta potential vanishes, was determined to be
4.2 [7]. This means that SF should be negatively charged in aqueous solution at neutral
state. The average hydrodynamic diameter (Dyyq4) of SF shows a minimum at pH 7 and a
maximum at pH 4 (Figure 1). When the solution pH changes from neutral to acidic values,
the neutralization of side chain carboxyl groups via protonation [38] leads to the decrease in
electrostatic repulsion and solubility, thus promoting the formation of large SF aggregates.
At pH 4 close to the pl, SF exhibits the lowest solubility and the largest aggregates [35].
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Figure 1. Dependence of the Zeta potential of SF on pH. The inset plot shows the hydrodynamic
diameter (Dypyq) of SF aggregates at different pH (taken from [35]).

3. The Adsorption of Silk Fibroin at the Air/Water Interface
3.1. Ellipsometry

The thickness of the adsorbed layers formed at the air/water interface can be de-
termined by ellipsometry. The adsorption of proteins usually experiences several steps,
including diffusion to the interface, surface adsorption, structural reorganization, and
spreading at the surface [39]. During adsorption, the layer thickness of SF gradually in-
creases and then becomes steady when saturation is reached. Clearly, the amphiphilic SF
adsorbs to the air/water interface and forms surface layers. The thickness of SF layers is
much higher than that of soy protein isolates [40], but slightly lower than that of soy protein
fibrils (SPF) [41]. Variations in the equilibrium thickness (é.) (Figure 2) arise from a subtle
balance between molecular size, shape, surface charge, and surface hydrophobicity [41].

Irrespective of the pH, J. is larger at higher Csp. High Cgp helps to promote the
packing density, but at small or saturated adsorption the effect of Csp weakens [34]. In
addition, . is higher at pH 4 than at pH 3 and pH 7, due to the lack of electrostatic repulsion
near the pl and the resulting denser accumulation of SF molecules at the interface [35].
de depends not only on the electrostatic repulsion but also on the protein conformation
and flexibility, especially at high Csg. At pH 7, the smaller aggregate size and higher
molecular flexibility make SF reorganize and pack at the interface more efficiently than
at pH 3. When salt is added, J becomes thicker and increases with the salt concentration
(Csait) and the ion valence from NaCl to NdCl; [36]. SF in aqueous solution is negatively
charged at neutral pH, and the counter-ion screening effect of salt significantly reduces the
electrostatic repulsion between SF molecules, thus causing a gradual molecular aggregation
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in the bulk and at the interface. In addition, the increasing ion valence further enhances
the molecular interactions within the layers and, thus, the thickness of adsorbed layers.
The incorporated surfactants remarkably enhance the surface activity of SF: é. increases
much more strongly and attains equilibrium at much lower Cgr. Moreover, . exhibits
different dependence on the surfactant concentration (Cgy,) for different surfactant types
within the studied range, increasing with Cgy,¢ for C14TAB, but exhibiting a non-monotonic
behavior for Tween 20 and SDS [37]. Due to electrostatic attraction, the cationic C1,TAB
and negatively charged SF can form complexes which co-adsorb in a very dense way and
maximize the adsorbed amount. However, due to electrostatic repulsion, the anionic SDS
can merely fill up SF-free defects and increase Je only slightly. The adsorbed layers formed
by surfactants are usually thinner than those formed by proteins. Therefore, when Cg,¢
exceeds a critical value, SDS and Tween 20 make the interfacial layers become thinner due
to increasing competition in the adsorption layer, the growth of surfactant domains and the
breakage of protein networks. The faster decline in 6. for Tween 20-mixed solutions should
be attributed to the higher surface activity and stronger competition of Tween 20 (its critical
micelle concentration (~0.05 mM [42]) is much lower than that of SDS (~8 mM [43]).
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Figure 2. Influences of solution conditions on the equilibrium thickness (J.) of the adsorbed layers
formed by SF at the air/water interface: (a) influence of Cgp; (b) influence of pH; (c) influence of salts;
(d) influence of surfactants (taken from [34-37]).

3.2. Surface Tension

The dynamics of adsorption of SF at the air/water interface can be investigated by
measurements of the surface tension (¢) as a function of the adsorption time (f,q) under
different solution conditions (Figure 3). When Cgr < 0.002 mg/mL, there is no obvious
adsorption of SF and ¢ shows a plateau value close to that of pure water [34]. At sufficiently
low Cgp and short t,4q, changes in the adsorbed amounts usually do not directly lead
to changes in ¢, and this time range of negligible ¢ changes is called induction period
(ting) [44]. When Cgp exceeds 0.002 mg/mL, o begins to decrease immediately until the
equilibrium surface tension (ceq) is reached [34-36]. The initial rapid decrease in ¢ is related
to the adsorption of SE, and the following slow change of ¢ is more related to the structure
formation of adsorption layers. The time for ¢ to reach equilibrium is around 6 h for
SF [34], much longer than that for -LG [5], gliadin nanoparticles (GNPs) [8], or amaranth
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protein isolates [4] at comparable bulk concentrations, indicating that SF needs more time
to complete the structural reorganization into gelled B-sheets during the formation of
water-insoluble films [45]. SF shows a lower 0eq and a much shorter t;,q [35,36] than
ovalbumin (OVA) with its more compact and rigid structure [10,46], but a higher ceq than
the highly hydrophobic bovine serum albumin (BSA) and the more deformable wheat
protein fractions [46]. Obviously molecular size, structure, and hydrophobicity of proteins
significantly influence their adsorption characteristics at interfaces. A lower degree of
ordering, higher hydrophobicity, and stronger molecular flexibility can increase the surface
activity of proteins and accelerate their adsorption.
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Figure 3. Influences of solution conditions on the surface tension (¢) of SF solutions at the air/water
interface: (a) influences of Cgg; (b) influences of pH; (c) influences of salts. The inset plots are the
effects of Csg, pH and Cg,)¢ on the equilibrium surface tension (0eq) and induction time (tjnq) (taken
from [34-36]).

Increasing Csp leads to lower 0eq and faster establishment of equilibrium, but oeq
shows no further decrease at Csg > 0.1 mg/mL when adsorption saturation is reached [34].
Therefore, the surface can only accommodate a limited number of SF molecules. Increasing
Cgr also causes a decrease in fj,4. The initial adsorption of SF at the interface is controlled
by diffusion and thus by the aggregate size, while the consecutive steps are controlled
by intermolecular interactions at the interface. With that, both molecular flexibility and
surface charge are of great importance for this later adsorption stage. o and f;,q show the
same ranking of pH 4 > pH 7 > pH 3 [35]. At pH 4, the large aggregate size decelerates the
diffusion, thus resulting in a longer t;,4 and slower decrease in ¢. At pH 7, although the
size of SF aggregates is smaller than at pH 3, the electrostatic barrier interferes with the
interfacial adsorption [47,48] and then causes a slower decrease in ¢ as compared to pH 3.
The addition of salt effectively reduces the electrostatic repulsion between SF molecules
and, thus, the energy barrier to SF adsorption. As a consequence, both ¢ and t;,4 decrease
with increasing Cg,y; and ion valence [36]. Obviously, the surface activity of SF is remarkably
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promoted in the presence of salt, and salt addition not only accelerates the diffusion but
also enhances the interfacial adsorption of SF molecules.

4. The Surface Viscoelasticity of Silk Fibroin Adsorption Layers at the
Air/Water Interface

The mechanical surface properties of adsorbed SF layers at the aqueous solution/air
interface are subject to compression/expansion as well as to shear deformations. Both
types of surface perturbations provide important information on the mechanical behavior
of the SF adsorption layers in the process of foam formation and against foam destabiliza-
tion. A general introduction into the surface viscoelasticity of adsorbed layers was given
in Ref. [49].

4.1. Surface Dilatational Rheology

E’ of SF (Figure 4) is much larger than that of f-LG [14], whey globular proteins [50] and
soy globulins [51], revealing that the adsorbed SF layers formed by densely packed B-sheets [52]
possess stronger mechanical strength than those of other proteins. The dependence of E” on Cgp
is insensitive to frequency, and E’ exhibits a maximum at Csp = 0.02~0.05 mg/mL [34]. Addi-
tionally, human serum albumin (HSA) [53], B-casein (BCS) [53], and alkaline protease [54]
exhibit such non-monotonic-behavior-featuring maxima. High Csr enhances surface ad-
sorption and increases E’. Nevertheless, when Csr exceeds a critical value, interfacial SF
molecules reach a jamming state and can no longer reorganize well into ordered elastic
networks [55], thus leading to a decrease in E" [34]. At high Cgs, E’is larger at pH 7 and
decreases with Cgp at pH 3 and especially at pH 4 [35]. It seems that neutral pH is advanta-
geous for forming strong interfacial networks [56]. At pH 7, due to electrostatic repulsion,
SF molecules adsorb gradually and have more space for the conformational rearrangements
required to form strong networks. In contrast, at pH 4, due to the strong hydrophobic
interactions, a jamming state is rapidly reached, and the formation of a rigid network does
not occur. In the presence of salt, E” remarkably increases with Cgyy; at Csp < 0.01 mg/mL,
but begins to decrease with Cg,); and ion valence for Csp > 0.02 mg/mL [36]. Obviously, the
added salts strengthen the molecular interactions and increase E’ by screening electrostatic
repulsion [57]. However, the reduction in electrostatic repulsion concurrently enhances
the hydrophobic interactions and causes possible SF aggregation, similar to the results
observed at pH near pl. Therefore, with the increase in the ionic strength, the enhanced
SF accumulation at the air/water interface leads to thicker adsorbed layers and higher
E’ at low Cgp, but to weaker networks and lower E” at high Csp because of the imperfect
molecular reorganization at the crowded interface [55]. To conclude, at high Csp, low ionic
strength is beneficial for the SF molecules to form stronger interfacial networks.

4.2. Surface Shear Rheology

Through surface shear rheology measurements, the time dependence of the viscoelastic
parameters of storage modulus (G’) and loss modulus (G”) can be obtained and utilized to
analyze the formation and stability of interfacial layers (Figure 5). The values of G” of SF
layers increases first rapidly and then gradually with the adsorption time and cannot attain
a steady state even after 24 h [34]. As for SF, the structural reorganization and network
formation are remarkably slower than the molecular diffusion and adsorption, thus making
G’ increase slowly and reach equilibrium with more difficulty at a later stage. However, in
the presence of salts and surfactants, the surface activity of SF is significantly enhanced,
and G’ reaches a plateau rapidly, especially in the presence of salts within 3 h [36,37]. As
mentioned above, the presence of salt remarkably decreases the electrostatic repulsion
and accelerates the molecular diffusion, adsorption, and structural reorganization of SF
at the interface [36]. Due to their low molecular weight, the added surfactant molecules
can diffuse, adsorb, and reorganize much faster than the SF molecules at the interface, thus
greatly shortening the time to establish adsorption equilibrium [37]. Compared with the
proteins of bovine serum albumin (BSA) and bovine gamma globulin (BGG), SF needs
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much more time to form stable surface networks and shows almost one order of magnitude
higher G’ values [16]. Hence, the viscoelastic networks formed by fibrous SF are much
stronger than those formed by globular BSA and BGG, and the surface layers of SF can be
expected to be more resistant against external perturbations and contribute to a higher foam
stability. For all solution conditions, the magnitude of G" is significantly larger than that of
G”, implying that the SF molecules can form elastic surface gels at the interface by physical
crosslinks [34,36,37]. With the increase in Cgp, the rapid increase in G” at low Cgp changes to
a slow increase at high Csp, which indicates that high Cgr helps to increase both the surface
coverage and the mechanical strength of the adsorbed layers [34]. Similar to the equilibrium
of E’, the equilibrium value of G" (G¢") gradually decreases with increasing Cq,y; [36]. At high
Csr, although added salt enhances the hydrophobic interactions and interfacial adsorption
of SE, the more crowded adsorbed SF molecules are unable to establish highly ordered
and tight networks, thus resulting in a decrease in Ge". The competitive adsorption of
surfactants also interferes with the structural reorganization and interfacial gel formation
of SF [37]. The rapid arrangement of surfactants at the interface, termed as the “orogenic”
displacement mechanism [16], will preempt the formation of robust SF networks. The
cationic C14TAB remarkably reduces the surface charge and promotes the aggregation of SF,
such that it cannot form tightly packed networks, leading to an initial fast decrease in Ge’.
However, with the charge neutralization and upon approaching the pl, the cross-linked SF
networks become stronger [58] and prevent the adsorption of C14TAB, which, therefore,
has only a weak impact [37]. When Cg,¢ is above 0.001 mM, the decrease in G, in the
presence of the nonionic Tween 20 exceeds that of C14TAB [37]. The anionic SDS shows a
weak ability to replace SF, and the possibly formed SF-SDS complexes make the mixture
more hydrophilic and less surface active [59].
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Figure 4. Influences of the solution conditions on the surface dilatational elastic modulus (E’) of the
SF layers formed at the air/water interface after reaching adsorption equilibrium: (a) influences of
Csr; (b) influences of pH at 0.1 Hz; (c) influences of salts at 0.1 Hz (taken from [34-36]).



Colloids Interfaces 2022, 6, 40

8 of 15

4.0 0.005mgmL B logG' L logG" {b) 3.0
(@) 00T mgML  ® l0gG O logG" ~®-no salt
0.02mg/mL 4 logG' ~ logG" A& NaCl1mMm ¥ NaCl 10 mM NaCl 100 mM
'E* 3.5 005 mgimL v logG = logG" 2.8 —«—CaCl, 0.1 mm CaCl,1 mM —@-CaCl, 10mM
= 0.1mg/mL 4 logG' < logG" . % NdCL,01mM & NdCL1mM @ NdCl, 10 mM
o
E 3.0 —_
= E 2.6
% o 06
= =~ 24/ £0.5- ™ 0mM
i (L] © Lol & -
) o oo4 :
=] o = = Nac® u
2 = 22/ ©03-—e-Cacl, ¢ g
02' A NdCI,
csr=0'°2 mg/mL 001 01 1 10 100 1000
1.0+ T T T T T T T 2.0 ; ; : Fsa“ (ml\(l)
0 200 400 600 2800 1000 1200 1400 0 1 2 3 4 5 6
Time (min) Time (h)
(c) 0.7
0.6 P 0 mM
A — —h
0.5 . A
- 0.4
g e
-g_ 0.3 e,
O 0.2 Cg=0.01 mg/mL \K\
0414 ® C,TAB \‘
® Tween 20 e e
0.0{ 4 SDS * o
1E-5 1E-4 1E-3 0.01 01
C, . (mM)

Figure 5. Influences of the solution conditions on the (equilibrium) surface shear moduli of adsorbed
SF layers at the air/water interface: (a) influences of Cgp; (b) influences of salts; (c) influences of
surfactants. G’ in the inset plot of (a) is obtained after 24 h, and the dashed horizontal line in the inset
plots of (b) and (c) indicates the value for a pure SF solution without any added surfactant (taken
from [34,36,37]).

4.3. Nonlinear Fracture of SF Surface Layers

Strain () sweeps are useful for evaluating the nonlinear fracture of SF layers formed
at the air/water interface (Figure 6). During the strain sweeps, interfacial SF layers exhibit
a linear behaviour with a constant G” at low 7y, and then a nonlinear behaviour is observed
with a continuous decrease in G” with increasing v due to the structural fracture [34]. The
degree of structure fracture (7¢) can be calculated via ¢ = (G'9 — G’y)/ G’y x 100%, where
G’y represents the elastic modulus at a certain v and G’y represents the initial constant
elastic modulus at low  [32]. High Csp enhances the elasticity of interfacial layers and
their abilities to resist against nonlinear breakage, and 7; decreases with increasing Cgr.
However, this enhancement effect declines with the increase in -, and all SF layers are fully
broken at y > 15% [34]. In the presence of salts, 7¢ increases with  and decreases with
Csalt, and the adsorbed SF layers are still partially intact even at y = 25% [36]. Obviously,
the added salt indeed improves the interfacial toughness of SF layers, although it decreases
the interfacial strength of SF layers in terms of E’. The increase in interfacial toughness
may be attributed to the binding of ions to the functional groups of SF and the resultant
enhanced molecular interconnection. However, high-valent ions cause an increase in
the brittleness of SF layers, and 7¢ is lower for NaCl than for CaCl, and NdCl; [36]. As
mentioned above, interfaces covered by surfactant molecules are more expandable than
those covered by protein molecules, and the incorporated surfactants endow the SF layers
with better toughness and markedly decrease 7¢. Nevertheless, at high Cg,f, the excessive
interfacial adsorption of surfactant molecules reduces the bond density of SF networks,
resulting in a decreasing #; with Cgy,¢ [37]. Different from Tween 20 and SDS, C14TAB
promotes SF aggregation by charge neutralization, and large SF aggregates cannot pack
tightly to form strong interfacial SF networks, which makes #; exceed that of pure SF
when Cg,,¢ > 0.001 mM [37]. Among the three surfactants, SDS shows the lowest #¢ and
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inconspicuous sacrifice of strength, and it appears to be a promising additive to improve
the foaming properties of SF solutions.
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Figure 6. Change of the degree of structure fracture (1¢) with strain () for equilibrium adsorbed SF
layers formed at the air/water interface under different solution conditions: (a) influences of Cgp;
(b) influences of salts; (c) influences of surfactants. The inset in (a) is the double-logarithmic plot of
the interfacial shear storage modulus (G’) versus shear strain () (taken from [34,36,37]).

5. The Foaming Properties of Aqueous Silk Fibroin Solutions
5.1. Foamability

SF foams can be easily prepared by the bubbling method through injection of air into
different SF solutions through a porous glass frit. The minimum protein concentration
required to generate foam with aqueous SF solutions is 0.1 mg/mL [34], 100 times lower
than that for rigid globular ovalbumin and glycinin (above 10 mg/mL) [10]. This indicates
the superior foamability of SF with its high flexibility and fast molecular adsorption. Foams
are thermodynamically unstable systems. It is clear that SF can be a stabilizer for foams
although the final “stable” volume fraction is not very large. The surface activity promotes
SF to generate the foam, and the adsorbed SF layers with a high G” help maintain the foam
structure through mechanical protection against bubble coalescence and rupture. The foam-
ability of SF was quantified in terms of the foaming rate (K¢) by dividing the foam height by
the time at a constant air flow (Figure 7). K¢ is around 140 mm/min when Csp < 0.2 mg/mL,
and then decreases to approximately 120 mm /min for Csr = 1 mg/mL [34]. Moreover, K¢
is lower at pH 4 than at pH 3 and pH 7 [35]. Just as mentioned above, the SF molecules
need more time to reach equilibrium when forming surface layers at high Cgf, and the
larger aggregate size at pH 4 may slow down the diffusion and adsorption of SF molecules
at the interface and then the formation of the foam. The incorporated surfactant obviously
accelerates the foaming of SF solutions [37], because small surfactant molecules can diffuse
and adsorb to the interface much faster than the big protein molecules [3]. However, the
cationic C14TAB induces SF aggregation, slows down the SF adsorption, disturbs the SF
network formation, and then decreases the foamability. As the concentration of C14TAB
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reaches 0.005 mM, the foam decays while being generated, and cannot completely fill up
the glass cylinder [37].

(a) 160 (b) 140
140 120: Cg=0.2 mg/mL
120 | 256
= 100+ = 1
E ] g™
E E 1
E 60 E 60 ]
g 40 X 40 -‘
20 20+
0 - T T T 0-
0.0 0.2 04 06 0.8 1.0 1.2 2 3 4 5 6 7 8
CSF (mg/mL) pH
Figure 7. Change of the foaming rate of SF solutions under different solution conditions: (a) the
influence of Cg, (b) the influence of pH (taken from [34,35]).
5.2. Foam Stability
After the air injection was stopped, the SF foam started to collapse until reaching
a steady state without any obvious changes in volume (Figures 8-10). During collapse,
greatly different from GNPs [8] and B-LG fibrils [4], SF foam does not have a flat surface
and even collapses from inside, which makes it difficult to quantify the accurate volume
of SF foam at different times. In addition, some elastic fiber meshes with filamentous
structures appear and adhere to the cylinder wall due to the favorable interactions between
SF and glass [34]. This phenomenon implies that even when the gas diffuses out, some
SF layers do not break and still retain their strong interconnected network structures with
weak mobility. Nevertheless, with the increasing addition of C;4TAB and Tween 20, the SF
fiber meshes gradually decrease, and even visually disappear when Cg, is above 0.005 and
0.01 mM, respectively [37]. The fracture of interfacial SF networks should be attributed to
the SF aggregation caused by the electric screening effect of C;4TAB and the displacement
of SF by growing Tween 20 domains.
Csr=0.2 mg/mL Csr = 0.5 mg/mL Csr =1 mg/mL
0 5 20 5 20 120
min . . . . .

~
e

Figure 8. Photographs of foams fabricated by SF aqueous solutions with different Csg and by
0.2 mg/mL SF buffer solutions at different pH taken at different times immediately after foam
preparation (taken from [34,35]).
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Figure 9. Digital photographs of foams fabricated from 0.2 mg/mL SF solutions in presence of
different salt types and concentrations taken at various times after the foaming process was terminated
(taken from [36]).
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Figure 10. Digital photographs of foams generated from 0.2 mg/mL SF solutions in absence and
presence of various types and amounts of surfactants taken at different times immediately after foam
preparation (taken from [37]).

Increasing Cgr helps to stabilize the foam, with slower foam collapse and larger stable
foam fraction [34]. The foamability strongly depends on the diffusion and adsorption of
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proteins to the interface, while the foam stability strongly depends on the elasticity of the
surface films. At higher Cgp, although K; is slightly lower, the intermolecular interactions
become stronger and more tightly packed networks form at the interface, which significantly
enhance the mechanical strength of the surface films and, thus, the foam stability. The
foams prepared at pH 3 and pH 7 exhibit a denser structure and a larger stable volume
fraction than those prepared at pH 4 [35], similar to sodium caseinate (Na-cas) showing
higher foam stability at neutral pH than at pI [60]. At pH 4, which is near the pI, the lower
solubility and enhanced aggregation prevent SF from forming fine, homogeneous, and
stable bubbles, while at pH 7, higher solubility, thicker layers, and stronger interfacial
elasticity endow SF foams with the best stability with the slowest foam decay and the
largest stable volume fraction [35]. This conclusion is proven by the fact that the SF layers
show the smallest #; at pH 7 and the largest #; at pH 4 under the same <. The possible
increase in the crystallinity of SF at acidic pH may decrease the flexibility of interfacial
films [45] and then further decrease the foam stability of SF at pH 3.

In the presence of salt, the foam stability of SF solutions increases due to the screening
of surface charge and the promotion of protein—protein interactions (except for NdCls,
which is generally found to impede SF foam stability) [5], just as was reported for the
effects of Ca%* on B-LG [14] and of Na* on glycinin [51]. However, with increasing Csg and
ion valence, the distance between the protein-stabilized bubble surfaces is reduced, thus
facilitating bubble coalescence and decreasing the foam stability with the loosening and
rapid collapse of foam during decay [36]. Moreover, as mentioned before, salt-induced
protein aggregation can also interfere with the interfacial network formation and, thereby,
further destabilize the foam. E’ of SF layers becomes larger in the presence of NaCl and
CaCl, but smaller in the presence of NdCl3, and the strengthening of interfacial elasticity
certainly contributes to protect SF foam against bubble coalescence and film rupture [36].
Similarly, the presence of surfactants also improves the foam stability of SF, except for
C16TAB at Cgyp > 0.0005 mM. The foam height of SF at the same standing time decreases
with increasing Cgy, for C14TAB, but exhibits a maximum at Cgy,¢ = 0.0005 mM for Tween
20 and increases with Cg¢ for SDS [37]. In general, surfactants tend to form thin, mobile,
and elastic films at the interface, while proteins tend to form thick, immobile, and rigid
films. It seems that the expandable surfactant layers can transfer the external stress from
the interfacial SF networks to improve the foam stability, especially for SDS [37]. C14TAB
leads to a strong SF aggregation due to the charge neutralization effect, and it is difficult for
these large SF aggregates to form tight networks, thus resulting in a weak foam stability at
high Cg. SDS exhibits a less pronounced SF displacement than Tween 20, and increasing
SDS addition does not bring obvious negative effects to the foam stability.

6. Conclusions and Perspectives

Similar to other proteins, the amphiphilic SF can form protective films at the air/water
interface to suppress bubble coalescence and stabilize aqueous foams, thus making SF
become a novel natural foam stabilizer. The solution conditions, such as protein concentra-
tion, pH, and concentrations of added salts or surfactants, have significant influences on
the adsorption, surface rheology, and foaming properties of SF solutions.

Higher Cgr leads to thicker adsorbed layers, accelerates the interfacial adsorption and
increases the viscoelastic moduli at the interface. However, the increase in the dilatational
elastic modulus is limited due to the finite surface coverage by SF molecules, and it
even decreases when Cgr exceeds a critical value. Faster adsorption and foaming are
found for pH 3, larger SF aggregates, thicker adsorbed layers, and slower foaming are
found for pH 4, and denser and more stable foams can be generated at pH 7. At pH 7,
smaller aggregate size and higher molecular flexibility help SF form more ordered and
stable viscoelastic networks at the interface, which are beneficial for the interfacial films
to resist deformation breakage. Both salts and surfactants can substantially increase the
surface activity of SE, but the type and concentration of additives cause great differences in
the molecular adsorption, layer thickness, interfacial mechanical strength, and, thus, the
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foaming properties of SF solutions. The incorporated salt reduces the electrostatic repulsion
between SF molecules, thus accelerating the diffusion, adsorption and reorganization of
SF molecules and increasing the thickness and toughness of interfacial layers. Low ionic
strength is beneficial for foam stability, while high ionic strength reduces the foam stability
by impeding the formation of rigid interfacial networks due to possible SF aggregation.
The surfactants improve the toughness of interfacial networks and, thus, the foam stability
of SF solutions, especially the anionic surfactant SDS. However, at high Cg ¢, the enhanced
competition adsorption of surfactant leads to the destruction of interfacial SF networks,
thus resulting in a decrease in the foam stability of SF. The negative effect of nonionic
Tween 20 and anionic SDS comes from the displacement of surfactant domains, while that
of the cationic C;¢TAB comes from the SF aggregation caused by the electric screening
effect of surfactant.

The understanding of the relationship between the interfacial adsorption, surface
viscoelasticity, and foaming properties of SF is very important for the design, preparation,
and application of SF foams in different fields. Smaller molecular size and higher surface
activity fasten the molecular diffusion and interfacial adsorption, and the greater mechan-
ical strength of adsorbed layers helps to stabilize the foam by resisting against external
deformation breakage and bubble rupture and coalescence. Until now, the molecular
diffusion and adsorption and the interfacial structure, morphology, and viscoelasticity of
SF at the air/water interface have been less reported. The microstructural rearrangements
and interfacial morphology changes of SF layers under different solution conditions need
to be further explored with the help of advanced characterization techniques. The influ-
ences of temperature and other additives on the adsorption, surface rheology, and foaming
properties of SF need to be further studied in future work. In addition, the molecular
interactions between SF and additives and their mechanisms also need to be deeply inves-
tigated and described. There may be a global optimum in the foamability with regard to
all the parameters including SF concentration, salt type/concentration, pH, and surfactant
type/concentration.
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