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A B S T R A C T   

To understand the influence of the degree of substitution (DS) of sodium carboxymethyl cellulose (CMC) and 
gliadin:CMC ratio on the surface and foaming behaviors of gliadin-CMC nanoparticles (G-CMC NPs) at pH 3, 
three DS (0.7–1.2) and four ratios (G:CMC~1:0.5–1:2) were investigated. Gliadin NPs with a pH of 3 were 
utilized as a control. Results showed that G-CMC NPs at all investigated DS and ratios possessed higher foam
ability and foam stability when compared to the control. This indicated that adding CMC to gliadin NP sus
pensions could greatly improve their foaming properties. G-CMC NPs with a DS of 0.7 and 0.9, had lower surface 
charge than G-CMC1.2 NPs, resulting in a weaker electrostatic repulsion, thus leading to faster adsorption ki
netics and higher foamability. By increasing the G:CMC ratio from 1:0.5 to 1:2, the particle size gradually rose, 
and the zeta potential remained unchanged. At a ratio of 1:2, the highest foam stability was observed. This might 
be ascribed to the high continuous phase viscosity at this ratio, which could slow down the drainage rate and 
protect the bubbles against coalescence and disproportionation. It was worth mentioning that G-CMC NPs at all 
ratios exhibited impressive foamability (~220%) even at a very low concentration of G-CMC NPs (gliadin was 
fixed at 1 mg/mL). This implies that G-CMC NPs could act as a new efficient foaming agent, and based on its 
simple preparation, have the potential to be widely applied in foamed food.   

1. Introduction 

Liquid foams are interface-dominated systems and have received 
extensive attention in colloid science, resulting from their wide appli
cations in food products, biological engineering, pharmaceutical for
mulations, and cosmetic industries (Cristofolini, Orsi, & Isa, 2018; 
Wege, Kim, Paunov, Zhong, & Velev, 2008; Wu et al., 2018). Foams 
belong to the class of thermodynamically unstable systems, so foaming 
agents which act as surface-active components are required to form and 
stabilize foams (Brush & Roper, 2008; Dollet & Raufaste, 2014; Salonen, 
In, Emile, & Saint-Jalmes, 2010). In food, surfactants and proteins are 
the most commonly used foaming agents. Many of these two types of 
foaming agents have some drawbacks. For example, most surfactants 
have relatively poor foam stability. Commonly used proteins, such as 
milk and egg proteins, cannot be applied in vegetarian foods. Some plant 
proteins, such as soy and pea proteins, require relatively high concen
trations to stabilize foams. Hence, studies of new effective foaming 

agents which can be applied in vegan or more sustainably produced 
foods are of scientific significance. Recently, nanoparticles (NPs) pre
pared by the assembly of natural polymers with appropriate surface 
activities have been suggested as attractive alternatives, due to their 
unique surface behaviors and high foam stability (Ellis, Norton, Mills, & 
Norton, 2017; Asghari, Norton, Mills, Sadd, & Spyropoulos, 2016; 
Schmitt, Bovay, & Rouvet, 2014; Jin et al., 2012). They can adsorb 
quickly to the air/water interface, and develop viscoelastic adsorbed 
layers to stabilize foams. 

Proteins are often selected as candidates to form particles, resulting 
from their amphiphilicity and biodegradability. Water-soluble proteins 
are the most frequently utilized materials, such as soy protein isolate 
with good water solubility (Matsumiya & Murray, 2016; Morales, 
Martínez, Ruiz-Henestrosa, & Pilosof, 2015) and whey protein (Schmitt, 
Bovay, Rouvet, Shojaei-Rami, & Kolodziejczyk, 2007; Schmitt et al., 
2014; Jambrak, Mason, Lelas, Paniwnyk, & Herceg, 2014). However, 
these also face inevitable limitations, owing to the high water solubility 
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and insufficient surface activity of the resulting particles, which cause 
them to have relatively poor foaming properties. Gliadin, an 
alcohol-soluble protein obtained from wheat, is suitable for producing 
particles and overcomes the disadvantages mentioned above, resulting 
from its water insolubility and high surface activity (Banc et al., 2007; 
Zhou et al., 2019). Colloidal particles prepared from gliadin have 
promising foaming behavior, significantly better than that of ovalbumin 
and sodium caseinate, which are widely used in food (Peng et al., 2017). 
It is a readily available plant-derived protein, and is easy to fabricate 
through green and simple methods. Therefore, it has potential applica
tion value in foamed food products. Many foods have acidic pH values, 
less than 7 at 25 �C. Gliadin particles are sensitive to pH, and do not 
stabilize foams well at low acidic pH values, such as pH 3 (Peng et al., 
2018). In order to broaden their application in food, it is significant to 
improve the foaming properties of gliadin particles at acidic pH. It has 
been suggested that using polysaccharides in combination with gliadin 
to form polymeric complex nanoparticles could improve functionality at 
acidic conditions. A potential candidate polysaccharide is sodium car
boxymethyl cellulose (CMC), a cellulose derivative obtained by ether
ification of the hydroxyl groups in cellulose with methylcarboxyl 
groups, due to its wide availability and attractive functional properties 
(Gibis, Schuh, & Weiss, 2015). Some researchers have used CMC to form 
particles with alcohol-soluble proteins such as zein, to improve their 
functional properties (Liang et al., 2015; Babazadeh, Tabibiazar, 
Hamishehkar, & Shi, 2019). The charge distribution of CMC, which has a 
negative charge, is closely related to its degree of substitution (DS, 
defined as carboxymethyl groups per repeating unit) (Jia et al., 2014). 
The DS of CMC, therefore, has a strong influence on the structure and 
function of complexes formed by protein and CMC (Xiong, Deng, Li, Li, 
& Zhong, 2020; Li et al., 2017). For complex particles formed by 
self-assembly of gliadin and CMC, the relation between DS of CMC and 
gliadin:CMC ratio and foaming behavior has so far not been 
investigated. 

In this work, a systematic study is presented in which the effects of 
DS of CMC and ratio (G:CMC) on the particle physical properties (par
ticle size, zeta potential, and viscosity), on surface properties of air- 
water interfaces stabilized by G-CMC NPs (surface pressure, surface 
dilatational behavior, and viscoelastic response at large amplitude), and 
foaming properties (foamability, foam stability, liquid volume in the 
foam, and microstructure of bubble) of G-CMC NPs were investigated. In 
addition, the relationship among these three properties was investigated 
to further understand the formation and stabilization mechanisms of 
foams stabilized by G-CMC NPs. 

2. Materials and methods 

2.1. Materials 

Gliadin with a purity of 90.6% was extracted from gluten as 
described in previous work (Peng et al., 2017). Sodium carboxymethyl 
cellulose (CMC) with three DS (0.7, 0.9, and 1.2, average Mw of these 
three CMC~250,000) was purchased from Sigma-Aldrich Trading Co., 
Ltd. (Zwijndrecht, Netherlands). All other chemicals, such as ethanol 
(~100%), hydrochloric acid, and sodium hydroxide, were of analytical 
grade. Ultrapure water purified by a Milli-Q system (MilliQ Purelab 
Ultra, Germany) was utilized for all the experiments. 

2.2. Preparation of gliadin-CMC nanoparticles 

Gliadin with a concentration of 2.5% (w/v) was obtained by dis
solving powders in ethanol solution (70%, v/v) in water, at room tem
perature (~20 �C). CMC powders with three DS (0.7, 0.9, and 1.2) were 
separately dissolved in ultrapure water to a final stock solution (1%, w/ 
v). For the study of the effects of DS, the ratio of G:CMC was set to 1:1, 
and the concentration of gliadin in the final solution was 1 mg/mL. To 
prepare these samples, CMC stock solutions with three DS (0.7, 0.9, and 

1.2) were first mixed with weighed ultrapure water. Subsequently, the 
gliadin solution was rapidly added into CMC solutions from above. The 
mixed solutions were stirred vigorously for 3 min, and then the pH was 
adjusted to 3 using HCl (0.5 M, 1 M, and 2 M). For investigating the 
effect of G:CMC ratio, gliadin and CMC (DS~0.9) mixtures with four 
weight ratios (1:0.5, 1:0.8, 1:1, and 1:2) were prepared using the same 
method described above. All these mixed solutions were standardized on 
1 mg/mL gliadin. A sample containing only gliadin NPs (1 mg/mL, pH 3) 
was used as a control. 

2.3. Particle size and ζ potential measurements 

The particle size distributions and ζ potential of samples were 
measured using a Zetasizer Ultra (Malvern Instrument Ltd., U.K.) at 20 
�C. All samples were carefully loaded in the cuvette to prevent the for
mation of air bubbles. 

2.4. Viscosity measurements 

The viscosity of sample solutions was measured with an Ubbelohde 
Capillary Viscometer (TV 12, PMT, Netherlands). The samples were 
added into the Ubbelohde and then the Ubbelohde was placed into a 
precision water bath at 20 �C. After equilibration for 10 min, the time (t) 
was recorded in which a fixed volume of sample flowed through the 
capillary. From this the kinematic viscosity (ν) was calculated using 
equation (1): 

ν¼Ct (1)  

where C is a constant equal to 0.009719 mm2 s� 2. The viscosity (η) was 
calculated using equation (2): 

η¼ ρν (2)  

where ρ is the density of the sample measured by a density meter (DMA 
5000, AntonPaar, Graz, Austria) at 20 �C. 

2.5. Surface pressure and surface dilatational rheology 

A Profile Analysis Tensiometer (Sinterface Technologies, Germany) 
was used to measure the surface pressure and surface dilatational 
modulus of samples at the air/water interface. An axisymmetric drop 
was formed through a syringe system and controlled by a video camera. 
The dynamic surface tension was monitored for 3 h, while the area of the 
drop was kept at 20 mm2. The values of the surface tension (γ) were 
calculated by analyzing the shape of the pendent drop according to the 
Gauss-Laplace equation. The surface pressure (π) was obtained accord
ing to equation (3): 

π¼ γs � γp (3)  

where γs is the surface tension of the pure solvent, and γp is the time/ 
dependent surface tension of the samples. All experiments were per
formed at 20 �C. 

The surface dilatational modulus of samples at the air/water inter
face was determined using the following three oscillation modes:  

(1) Time sweeps, in which the surface elastic modulus (Ed) was 
recorded as a function of time (t), at an amplitude of 10%, and 
frequency of 0.05 Hz, for 3 h. The drop was alternatingly sub
jected to 5 sinusoidal oscillation cycles, and 5 static cycles.  

(2) Frequency sweeps, in which after an adsorption phase of 3 h, the 
surface elastic modulus (Ed) was measured at frequencies of 0.01, 
0.02, 0.05, and 0.1 Hz, at a constant amplitude of 10%.  

(3) Amplitude sweeps, in which the amplitude was varied from 5, 10, 
15, 20, 25, to 30%, at a constant frequency of 0.05 Hz (again after 
an adsorption phase of 3 h). 
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2.6. Lissajous plots 

The data of the dilatational amplitude sweeps was analyzed using 
Lissajous plots, according to the method of Sagis et al. (Sagis & Fischer, 
2014) and Van Kempen et al. (van Kempen, Schols, van der Linden, & 
Sagis, 2013). Lissajous plots were prepared by plotting the time 
dependent surface pressure (π) versus deformation (δA/A0), where δA 
was calculated as: 

δA¼A � A0 (4)  

where A and A0 are the area of the deformed and nondeformed interface, 
respectively. 

2.7. Foaming properties 

The foamability and foam stability of nanoparticles were determined 
by the method of Peng et al. (Peng, Yang, Li, Tang, & Li, 2017) with 
slight modification. Briefly, foams were generated by stirring 15 mL 
samples placed in a plastic beaker (internal diameter of 33 mm, height of 

Fig. 1. Particle size (a, e), particle size distribution (b, f), polydispersity index (c, g), and zeta potential (d, h) of the control and G-CMC NPs with different DS of CMC 
(0.7–1.2) and G:CMC ratio (1:0.5–1:2). The inset images in (a, e) are visual appearance of the control and G-CMC NPs. 
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80 mm) with an aerolatte head attached to an electric rotator (RW 20 
digital, IKA, Germany) at 1500 rpm for 90 s at 20 �C. Subsequently, the 
foams were immediately transferred to a measuring cylinder (50 mL). 
Foam and liquid volumes were recorded as a function of time. Foam
ability (FA) was characterized by comparing the foam volume at 2min 
(V2) with the initial liquid volume of samples (15 mL): 

FA ​ ð%Þ¼
V2

15
� 100 (5) 

Foam stability (FS) was measured by recording the half-life time (t1/ 

2), which was the time for the foam volume to reduce to half of its initial 
foam volume. The drainage speed of liquid from the foam was deter
mined by recording the volume of the liquid column as a function of 
time. 

2.8. Foam microstructure observation by optical microscopy 

The microstructure images of foams after being stored at 20 �C from 
30 s to 30 min were visualized using an optical microscope (Axioskop, 
Germany). The bubbles were obtained from a height of ~3 cm from the 
bottom of the plastic beaker (internal diameter of 33 mm, height of 80 
mm). 

2.9. Statistical analysis 

All experiments were performed in at least triplicate and the results 
were recorded as means � standard deviations. One-way analysis of 
variance (ANOVA) was carried out using SPSS 23.0 for estimating the 
significance of differences among mean values (p < 0.05). 

3. Results and discussion 

3.1. Solution properties of gliadin-CMC nanoparticles 

3.1.1. Effect of degree of substitution of CMC 
Particle size, zeta potential, and viscosity of the particle suspensions 

are key parameters to generate large amounts of foams with high sta
bility (Morales et al., 2015; Chen et al., 2016; Murray & Ettelaie, 2004). 
The effect of the DS of CMC on the solution properties for G-CMC NPs are 
presented in Fig. 1 a-d and Fig. 2a. Compared with the control, the 
G-CMC NPs had a larger particle size and a more turbid visual appear
ance (Fig. 1a). This indicated that gliadin and CMC with different DS 
formed complex nanoparticles through electrostatic interaction, owing 
to their opposite charge. The particle size distribution demonstrated that 
G-CMC NPs with different DS all possessed a nearly monomodal distri
bution (Fig. 1b). As the DS of CMC increased from 0.7 to 1.2, the particle 
size of G-CMC NPs displayed a slight decrease from 395 nm to 369 nm, 

with similar polydispersity index (PDI) (Fig. 1b and c). After storing 
solutions at room temperature (20 �C) for 15 days, the particle size of 
G-CMC NPs with DS of 0.7–1.2 all increased by less than 30 nm, 
implying that G-CMC NPs were stable (Table S1). The G-CMC NPs with 
DS of 1.2 had a more pronounced negative charge than the other two 
nanoparticles (p < 0.05) (Fig. 1d). This could be attributed to the higher 
charge density of CMC with high DS, which after formation of a nano
particle with gliadin, would result in more charge on the surface of the 
complex nanoparticle. The G-CMC NP dispersions with different DS had 
similar viscosity, which was higher than that of the control by a factor of 
approximately 1.5 (Fig. 2a). 

3.1.2. Effect of gliadin-CMC ratio 
Fig. 1 e-h presents the particle size, visual appearance, size distri

bution, PDI, and zeta potential of G-CMC NPs with different ratios (G: 
CMC~1:0.5–1:2), all standardized on a concentration of gliadin in the 
final solution of 1 mg/mL. The G-CMC NPs at all ratios presented uni
form size distribution. The particle size and PDI significantly increased 
as the ratio increased from 1:0.5 to 1:2 (p < 0.05) (Fig. 1 e-g). After 
storing for 15 days at room temperature (20 �C), the particle size of G- 
CMC NPs at all ratios increased by less than 50 nm, implying that they 
had good stability (Table S2). For all ratios, G-CMC NPs possessed 
similar negative charge (p > 0.05) (Fig. 1h). Increasing the ratio from 
1:0.5 to 1:2, the viscosity of the dispersion of complex NPs gradually 
increased, with a particularly strong increase in going from a ratio of 1:1 
to a ratio of 1:2 (Fig. 2b). 

3.2. Surface behavior of gliadin-CMC nanoparticles 

3.2.1. Effect of degree of substitution of CMC 
The dynamic surface pressure (π) is a key factor in determining 

foamability (Patino, Sanchez, & Ni~no, 2008). The surface pressure of 
G-CMC NPs as a function of time is presented in Fig. 3a. Up to 900 s, the 
values of π for all samples increased quickly, reflecting the rapid 
adsorption of nanoparticles at the air/water interface. G-CMC NPs with 
different DS displayed different adsorption kinetics. The adsorption of 
the particles is governed by several processes, including diffusion to
wards the interface, penetration into the interface, followed by rear
rangements within the interface. Plotting surface pressure as a function 
of the square root of time (Fig. 3b), we see a straight line in the first few 
seconds of the adsorption process, indicating that the initial adsorption 
is diffusion controlled. The slope of the curve (Kdiff) was used to estimate 
the adsorption rate in that phase (Liu & Tang, 2014; Wu et al., 2014; 
Wang et al., 2012). The larger the values of Kdiff, the faster the adsorp
tion rate of the nanoparticles. As shown in Table 1, Kdiff of G-CMC NPs 
with a DS of 0.7 and 0.9 had higher values than that of NPs with a DS of 
1.2. This indicated that G-CMC0.7 and G-CMC0.9 NPs possessed a faster 

Fig. 2. Viscosities of the control and G-CMC NPs with different DS of CMC (a) and G:CMC ratio (b).  
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adsorption rate. In the subsequent phases of adsorption, the surface 
pressure of the particles with a DS of 0.7 and 0.9 appeared to reach a 
(nearly) constant value for t > 1000 s. The particles with a DS of 1.2 take 
a much longer time to reach a similar value. 

The adsorption rate of particles from the bulk to the air/water 
interface is related to their microstructural properties, such as zeta po
tential and particle size (Mahmoudi, Axelos, & Riaublanc, 2011; Peng 
et al., 2018). In our work, the G-CMC NPs with DS of 0.7–1.2 had a 
similar particle size. But G-CMC1.2 NPs possessed a higher zeta potential 
when compared with G-CMC0.7 and G-CMC0.9 NPs. The higher surface 
charge of these particles, resulting in a stronger electrostatic repulsion 
between the particles, and between the particles and the interface, is the 
most likely cause for the slower adsorption rate. 

Fig. 3c shows the evolution of the dilatational elastic modulus (Ed) 
for G-CMC NP stabilized air/water interfaces as a function of time. For 
the first 2000 s, Ed of all investigated samples increased with time. This 
reflected that nanoparticles adsorbed at the air/water interface and 
developed a surface layer with a predominantly elastic response (Ed was 
significantly larger than the dilatational viscous modulus (data not 
shown)). At longer times, the Ed of the interface stabilized by the control 
decreased significantly, implying that the microstructure of the adsor
bed layer might be affected by the applied oscillation. The Ed of G- 
CMC0.7 and G-CMC0.9 displayed only a minor decrease and Ed of G- 
CMC1.2 was still increasing in this phase of the experiment. This indi
cated that interfaces stabilized by G-CMC NPs had a less brittle micro
structure and hence a larger maximum linear strain than interfaces 

Fig. 3. (a–b) Surface pressure (π) as a function of time for the control and G-CMC NPs with different DS of CMC at the air/water interface (Kdiff quantifies the 
diffusion rate). (c) Time evolution of the elastic modulus (Ed) for the adsorption of the control and G-CMC NPs at the air/water interface. (d) Ed as a function of 
frequency (0.01–0.1 Hz). (e) N-value in Ed ~ ωn. (f) Ed as a function of amplitude (5–30%). 

Table 1 
The diffusion rate (Kdiff) and linear regression coefficient (LR) for slope of π vs t1/2 of adsorption of the control and G-CMC NPs with different DS of CMC (0.7–1.2) and 
G:CMC ratio (1:0.5–1:2) at the air/water interface.   

control G-CMC 0.7 G-CMC 0.9 G-CMC 1.2 1:0.5 1:0.8 1:1 1:2 

Kdiff 0.53 � 0.03 2.32 � 0.17 2.12 � 0.12 1.17 � 0.15 2.22 � 0.02 2.36 � 0.11 2.12 � 0.12 2.19 � 0.15 
LR 0.986 � 0.004 0.920 � 0.014 0.977 � 0.027 0.993 � 0.001 0.948 � 0.017 0.959 � 0.036 0.977 � 0.027 0.973 � 0.011  
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stabilized by gliadin NPs. After 3 h of oscillation, G-CMC NPs with DS of 
0.7–1.2 all had comparable Ed. 

To examine further the surface rheological properties and surface 
structure of the adsorption layer, frequency and amplitude sweeps were 
performed and the corresponding curves are displayed in Fig. 3d and f. 
For G-CMC NPs with a DS of 0.7–1.2, Ed increased progressively with 
increasing the frequency from 0.01 to 0.1 Hz, illustrating a frequency- 
dependent behavior, resulting from relaxation phenomena at the inter
face (Jin et al., 2017). The curves were analyzed using the scaling 
relation Ed~ωn, where ω denotes the frequency, and the value of n was 
determined from the slope of a double logarithmic plot of Ed versus 
frequency (van Kempen, Schols, van der Linden, & Sagis, 2013). A value 
of n ¼ 0 suggests a completely elastic interface with rubber-like 
behavior, and a slope of 0.5 implies that the dilatational elasticity is 

completely controlled by the diffusion process of the surface active 
components between bulk and interface, as explained by the Lucassen 
van den Tempel model (Lucassen & Van Den Tempel, 1972). As can be 
seen from Fig. 3e, the value of n of the control was close to 0, indicating 
the surface layer formed by the control displayed an approximate elastic 
response. The G-CMC NPs with three DS all exhibited higher n values 
than the control. This illustrated that the surface structure of interfaces 
stabilized by G-CMC NPs showed a less elastic solid-like response than 
that of the control. In the amplitude sweeps (Fig. 3f), as the amplitude 
rose from 5% to 30%, the Ed of G-CMC NP stabilized interfaces with a DS 
of 0.7–1.2 displayed a gradual small decrease, whereas the modulus of 
interfaces stabilized by the control was nearly constant. This behavior 
implied that for the former, the structure of the adsorbed layer was 
affected by the deformation. The moduli in Fig. 3f are based on the 

Fig. 4. Lissajous plots obtained during amplitude sweeps (5–30%) of air/water interface formed by the control and G-CMC NPs with different DS of CMC.  
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intensity and phase of the first harmonic of the Fourier transform of the 
time dependent surface pressure signal, and the obtained values may, 
therefore, be inaccurate in the nonlinear regime. We, therefore, con
structed Lissajous plots of surface pressure vs deformation, which have 
been confirmed to be a good analytical tool for investigating the surface 
behavior in large-amplitude oscillatory deformations (van den Berg, 
Kuster, Windhab, Sagis, & Fischer, 2018; Rühs, Scheuble, Windhab, & 
Fischer, 2013; Sagis & Fischer, 2014; Sagis & Scholten, 2014). The plots 
are presented in Fig. 4. For amplitudes up to 10%, the Lissajous plots for 
interfaces stabilized by the control were approximately axisymmetric, 
which points to a linear viscoelastic response. As the amplitude was 
increased from 15 to 30%, the shape of plots became increasingly 
asymmetric, implying nonlinear behavior, in which both even and odd 
harmonics are present in the response. The surface layer showed a strain 

softening in extension (upper part of the Lissajous plot), evident from the 
significant decrease in the tangential modulus (the slope at each point of 
the cycle), and strain hardening in compression (lower part of the Lis
sajous plot), this in spite of the linear response obtained from the stan
dard first harmonic based analysis. For interfaces stabilized by G-CMC 
NPs with a DS of 0.7–1.2, the shape of the Lissajous plots was similar at 
the same amplitude (5–30%), indicating the DS did not affect the surface 
behaviors of complex nanoparticles at large deformation. The Lissajous 
plots for G-CMC NPs were obviously different from those of the control, 
suggesting that the addition of CMC could change the surface visco
elastic response of gliadin NPs. For amplitudes from 5 to 30%, the 
maximum values of surface pressure in extension for G-CMC NPs were 
slightly lower than those in compression, and the Lissajous plots dis
played only minor asymmetries. This reflected that the complex 

Fig. 5. (a–b) Surface pressure (π) as a function of time for the control and G-CMC NPs with different ratios at the air/water interface (Kdiff represents the diffusion 
rate). (c) Time evolution of the elastic modulus (Ed) for the adsorption of the control and G-CMC NPs at the air/water interface. (d) Ed as a function of frequency 
(0.01–0.1 Hz). (e) N-value in Ed ~ ωn. (f) Ed as a function of amplitude (5–30%). 
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nanoparticles still showed a near linear response even at an amplitude of 
30%, in accordance with the results from the first harmonic analysis. 
This behavior was significantly different from the surface behaviors of 
other proteins or particles, which display more significant nonlinearity 
in their dilatational response, such as β-lactoglobulin fibrils (Rühs, 
Affolter, Windhab, & Fischer, 2013) and soy protein fibrils (Wan, Yang, 
& Sagis, 2016a). The control-stabilized interfaces had a higher dilata
tional modulus, a near zero value for n in the frequency sweeps, and 
displayed softening behavior upon extension. This indicated that the 
interfaces stabilized by gliadin NPs had a denser and more cohesive 
structure. For the interfaces with G-CMC NPs, the particles apparently 
form a more mobile and stretchable structure. 

3.2.2. Effect of gliadin-CMC ratio on surface behavior 
The time evolution of π for G-CMC NPs with different ratios is shown 

in Fig. 5a. At all ratios, the adsorption behaviors within 3 h were similar, 
reflecting they had comparable adsorption kinetics, with Kdiff values all 
close to ~2.2 (Fig. 5b and Table 1). As the ratios increased, the particle 
size of G-CMC NPs increased significantly, but all ratios had comparable 
zeta-potential (Fig. 1e and h). This again indicated that the charge of the 
particles was more important for the adsorption behavior than their size. 
This phenomenon was consistent with our previous work (Peng et al., 
2018). 

The time evolution of Ed for G-CMC NPs with different ratios was 
monitored and shown in Fig. 5c. After 2000 s, the decrease in Ed values 

Fig. 6. (a) Foam decay curves, (b) liquid volume in foams, (c) foamability, and (d) half-life time (t1/2, min) for foams generated by the control and G-CMC NPs with 
different DS of CMC. (e) Time evolution of air bubbles stabilized by the control and G-CMC NPs with different DS of CMC. Solid bars in all images correspond to a 
length of 1000 μm. 
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for interfaces stabilized by complex nanoparticles at all ratios was 
notably slower and less pronounced than that of the control. Moreover, 
G-CMC NPs at different ratios acquired comparable Ed values after 
oscillating for 3 h. For G-CMC NPs at all ratios, Ed exhibited a frequency- 
dependent behavior (Fig. 5d). With the increase of G:CMC ratio, the 
value of the scaling exponent n gradually rose (Fig. 5e). This reflected 
that the structures of the adsorption layers formed by G-CMC NPs 
exhibited solid-like behavior which was becoming somewhat less elastic 

as the amount of CMC in the complex increased. Moreover, the Ed of the 
surface layers for all ratios also displayed an amplitude-dependent 
behavior (Fig. 5f). All ratios had a comparable shape of the Lissajous 
plots at the same amplitude (5–30%) (Fig. S1). 

Fig. 7. (a) Foam decay curves, (b) liquid volume in foams, (c) foamability, and (d) half-life time (t1/2, min) for foams generated by the control and G-CMC NPs with 
different G:CMC ratios. (e) Time evolution of air bubbles stabilized by the control and G-CMC NPs with different G:CMC ratios. Solid bars in all images correspond to 
a length of 1000 μm. 
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3.3. Foaming properties of gliadin-CMC nanoparticles 

3.3.1. Effect of degree of substitution of CMC 
Fig. 6 a-e presents the foaming properties of G-CMC NPs with a DS of 

0.7–1.2. For all studied nanoparticles, the foam volume decreased pro
gressively as a function of time (Fig. 6a and Fig. S2). The decrease rates 
of foam volume for G-CMC0.7 and G-CMC0.9 NPs were evidently slower 
than that of G-CMC1.2 NPs and the control, suggesting that G-CMC NPs 
with a DS of 0.7 and 0.9 possessed stronger abilities to protect the 
bubbles against coalescence and disproportionation. This illustrated that 
G-CMC NPs with DS of 0.7 and 0.9 had higher foam stability than those 
with a DS of 1.2 and the control. The initial foam volume and bubble size 
can be utilized to characterize the foamability (FA), where a higher 
amount of foam and smaller bubble size indicate a higher foamability 
(Peng et al., 2018; Wan, Yang, & Sagis, 2016b). As can be seen from 
Fig. 6c, e, and Fig. S2, G-CMC0.7 and G-CMC0.9 NPs could generate 
more foam with a smaller bubble size, and the FA was almost 2.5-fold 
larger than that of the control. This indicated that adding CMC with a 
DS of 0.7 and 0.9 to gliadin NP suspension could greatly improve its FA. 
It is worth mentioning that the G-CMC NPs with a DS of 0.7 and 0.9 
displayed impressive FA (~220%), even though the concentration of 
gliadin (fixed at 1 mg/mL) was very low in the final solutions. The 
G-CMC1.2 NPs exhibited lower foamability and a bigger bubble size at 
30 s, when compared with the other two DS. This might be the result 
from its slow adsorption rate to the air/water interface (Fig. 3b), 
resulting from the larger surface charge. 

In general, foam stability (FS) can be quantified by liquid volume in 
the foam over time, half-life time (t1/2), and changes of bubble size and 
shape with time. The corresponding experiments are performed and 
shown in Fig. 6b, d, and e. Compared with the control, the G-CMC NPs 
with DS of 0.7–1.2 had a higher liquid volume in the foam, a longer t1/2, 
and a stronger resistance against bubble growth. This showed that the 
presence of CMC could increase the FS of gliadin NPs. In addition, the G- 
CMC0.7 and G-CMC0.9 NPs possessed a slower drainage rate, a longer 
t1/2, and stronger capability to prevent bubble coalescence than G- 
CMC1.2. This indicated they acquired better FS. This might be due to the 
lower surface charge of these G-CMC NPs which resulted in a faster 
adsorption, and smaller and narrower initial bubble size distribution, 
which slowed down the liquid drainage, and the rate of coalescence and 
disproportionation. 

3.3.2. Effect of gliadin-CMC ratio 
The foam decay with time, the liquid volume in the foam over time, 

FA, and t1/2 were monitored to estimate the foaming behaviors of G- 
CMC NPs at different G:CMC ratio (Fig. 7 a-d). A comparable FA and 
similar initial bubble size (30 s) were observed for G-CMC NPs at all 
ratios (Fig. 7c and e), indicating that all investigated ratios had high and 
similar foam capacity. The G-CMC NPs at a ratio of 1:2 possessed the 
slowest drainage rate, the longest t1/2, and the strongest ability to pre
vent foam from coalescing of all four ratios (Fig. 7a, b, d, and Fig. S3). 
This implied G:CMC at 1:2 possessed a higher FS. All ratios had similar 
adsorption rate and comparable Ed of the surface layer, but the ratio of 
1:2 had the highest viscosity among all ratios, which slowed down foam 
drainage, coarsening, and disproportionation more efficiently, and thus 
leading to the high FS. 

Our results imply that the FA of the NPs is mainly determined by 
their adsorption rate. The G-CMC1.2 NPs had the slowest adsorption 
rate, due to their high negative surface charge, resulting in a strong 
electrostatic repulsion, thus leading to a slower adsorption behavior. 
Therefore, it had the lowest FA among three DS. The G-CMC NPs at 
different ratios possessed similar adsorption kinetics, and had compa
rable FA. All ratios showed similar Ed, but the ratio of 1:2 had the highest 
viscosity, which could slow down the drainage rate and protect the 
bubbles against coalescence, thus resulting in high FS. 

4. Conclusions 

The effects of DS of CMC and G:CMC ratio on the surface and foaming 
behaviors of G-CMC NPs were determined and three major implications 
were obtained. First, compared to gliadin NPs, G-CMC NPs at all DS and 
ratios possessed higher foamability and foam stability. Second, G- 
CMC0.7 and G-CMC0.9 NPs had a faster adsorption rate than G-CMC1.2 
NPs, resulting from their lower negative surface charge. The adsorption 
rate was not affected by the G:CMC ratio. Third, the viscosity of the 
dispersions of G-CMC NPs also played an important role in stabilizing 
foams. These observations show that G-CMC NPs are a promising 
foaming agent, and have potential for application in the field of foamed 
food. 
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