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Abstract
Ultrasound-assisted extraction (UAE) was used to obtain arabinoxylan (AX) from brewers’ spent grain
(BSG) with a higher yield, modi�ed structural characteristics, and improved techno-functional properties.
Results showed that an UAE procedure working at 400 W for 15 min under a 60% duty cycle could
increase the AX yield by 52.41% compared with a traditional alkaline extraction without sonication.
Concomitantly, UAE-AX developed a degraded Mw of 2741 kDa, a changed conformation of less
molecular asymmetry and a decreased mean particle size from 12.56 µm to 4.993 µm. The rheological
properties of UAE-AX aqueous solution were improved, leading to higher viscosity and gel-forming
capacity of the AX stabilized emulsions. As a result, UAE-AX addition could reduce the mean droplet size
to 6.40 µm and better stabilize the emulsion under various conditions than traditional alkaline extracted
AX. Thus, the results proved UAE to be a promising method of extracting AX from BSG with valuable
utilization in food processing.

1. Introduction
Brewers’ spent grain (BSG), one of the most abundant byproducts in beer production, is mainly composed
of cellulose, hemicellulose, protein, and lignin. In BSG, arabinoxylan (AX) served as the primary
hemicellulose, and was composed of xylopyranosyl residues and arabinofuranose side chains (Coelho et
al. 2016). Due to its high solubility and decorated side chains, AX was regarded as a possible non-starch
polysaccharide with many uses. AX has found application as an immunomodulator (Chang et al. 2021),
a prebiotic (Lian et al. 2020), and an antioxidant (Ahmad 2021). Recently, various soluble
polysaccharides have attracted great interest as natural emulsi�ers or emulsion stabilizers. Soluble
polysaccharides could form emulsions with high viscosity, gelling capacity, and pH stability, exhibiting
great potential in fat substitution, encapsulation, and controlled release of bioactive compounds (Zhu
2019). As a soluble polysaccharide with a wide origin, AX had great potential in the processing of
emulsions. Although AX was abundant in plant-based materials, it was often covalently bound to lignin or
cellulose, and the traditional extraction was di�cult to release and extract bound AX e�ciently. During the
malting and mashing processes used in beer production, water-extractable AX was almost wholly
removed from BSG, causing the BSG-AX to be more di�cult to extract.

To break the links and solubilize AX, physical, chemical, and enzymatic approaches were used alone or in
combination (Zhang et al. 2014). Traditional alkaline extraction (AKE) was costly in terms of energy and
low in e�ciency. Ultrasound-assisted extraction (UAE) was a novel green extraction technique. The
application of ultrasonic irradiation during extraction could effectively extract polysaccharides from
various materials, such as mushrooms (Wang et al. 2021b), sun�ower (Ezzati et al. 2020), and okra (Chen
et al. 2021b). During sonication, vacuum bubbles were generated and released large amounts of energy
when they collapsed, promoting the transportation of compounds and breaking covalent bonds. As a
result, the extraction yield was improved. The cavitation, shearing, and steaming effects may also modify
structures and affect their functionalities (Reis et al. 2015). In previous studies, the polysaccharides
developed looser structures with shorter chains and higher chain �exibility (Yan et al. 2015) and had
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higher antioxidant activities (Mendez-Encinas et al. 2020), bioactivities (Liu et al. 2020), and emulsifying
capacities (Asgari et al. 2020) after sonication due to various structural modi�cations. However, the
effect of ultrasound on the emulsion-stabilizing properties of AX has not been clari�ed yet.

Therefore, one objective of this study was to examine the extraction e�ciency of ultrasounds for AX from
BSG. The other objective was to clarify the changes in AX's structural and functional properties induced
by sonication.

2. Materials And Methods

2.1. Materials
BSG was kindly provided by Guangzhou Zhujiang Brewery Group Co., Ltd. BSG was grinded to 0.355 mm
after drying at 55 ℃ for 12 h in a hot air oven, and stored at -20 ℃ until use. All other chemicals and
reagents were of analytical grade.

2.2. Preparation of BSG-AX

2.2.1. Ultrasound-assisted extraction
The ultrasound-assisted extraction procedure was modi�ed from the earlier method (Reis et al. 2015).
Brie�y, pretreated BSG was �rst extracted in 1.5 M NaOH (1:12) using Scientz-IID ultrasonic homogenizer
(Ningbo Scientz Biotechnology Co., Ltd, Ningbo, Zhejiang, China) at a frequency of 20 kHz. The power,
duty cycle, and extraction time were set to 400 W, 60%, and 15 min, respectively. After extraction, the
centrifuged solution was adjusted to pH = 4 with 6 M HCl, and allowed to settle overnight at 4°C to
precipitate the majority of protein. The pH was then adjusted to 8.5, and 8% (w/v) CaCl2 was added, then
heated at 85°C for 20 min, cooled to 25°C, and centrifuged to remove the sediment. The solution was
concentrated and precipitated by adding four times the volume of ethanol. Finally, the precipitant was
dissolved, dialyzed, and lyophilized to obtain UAE-AX.

2.2.2. Traditional alkaline extraction
BSG was extracted for 4 h at 50°C in 1.5 M NaOH (1:12) and then deproteinized, precipitated, dialyzed,
and lyophilized under the same conditions as UAE-AX. The product was named AKE-AX.

2.3. Chemical composition

2.3.1. Determination of composition
The protein content was determined using the Bradford method (Bradford 1976), with bovine serum
albumin calibration. The total sugar content was determined using the phenol-sulfuric method (DuBois et
al. 1956), with glucose as a calibration standard.
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The monosaccharide analysis was performed according to previous studies (Xu et al. 2008; Coelho et al.
2016), with minor modi�cations. Three milligram of dried sample was �rst wet with 100 µL of 72%
sulfuric acid and kept at room temperature for 3 h, then diluted to 2 M and boiled for 4 h. After
neutralization with Ba(OH)2 and adjustment to a �nal volume of 10 mL, the solution was centrifuged, and
�ltered through 0.45 µm membrane before analysis. The monosaccharide content of AX was determined
by HPLC on an Agilent 1100 series HPLC (Agilent Technologies Palo, Alto, CA, USA) equipped with RID
and a Hypersil NH2 column (4.6 × 250 mm, Dalian Elite Analytical Instrument Co. Ltd., P.R. China). The
�ow rate was 1 mL/min, and the mobile phase was 80% acetonitrile aqueous solution. The injection
volume was 10 µL. The column and optical unit temperatures were set at 30°C and 35°C, respectively.
Different kinds of monosaccharides were dissolved in ultrapure water as standards. AX content was
determined to be 90% of the total xylose and arabinose content.

2.3.2. GPC analysis
Before GPC analysis, samples were dissolved in 0.2 mM K2HPO4 (5 mg/mL) and �ltered through a 0.22
µm membrane. GPC analysis was carried out using ACQUITY GPC system (Waters, USA) equipped with
Ultrahydrogel Column (10 µm, 7.8 mm × 300 mm) and an RI detector at a �ow rate of 1 mL/min using 0.2
mM K2HPO4 as the mobile phase, using β-glucans (5.2 kDa to 4.8 × 103 kDa)as standards.

2.4. Structure and conformation

2.4.1. Fourier transform infrared spectroscopy
FTIR spectrum was obtained after 2 mg of dried sample, and dry KBr (1: 100) were mixed and pressed to
pellets. Every spectrum was generated after 32 scans in the range 4000–400 cm− 1.

2.4.2. UV spectroscopy
AX was dissolved in deionized water and diluted to a 1 mg/mL concentration. UV absorbance curve was
then scanned using UV 1800 (Shimadzu, Japan) from 200 to 400 nm.

2.4.3. Circular dichroism (CD)
The CD measurement was conducted according to the previously reported method (Kreisman et al. 2007).
AX was dissolved in deionized water, and then diluted to 0.1 mg/mL in acetonitrile aqueous solutions of
different concentrations. Spectra were measured in the range of 190 nm to 350 nm using Chirascan CD
spectrometer (Applied Photophysics Ltd, UK). Each sample was measured 3 times.

2.4.4. Dynamic light scattering
Dynamic light scattering was used to measure the mean particle size of AX in an aqueous solution. AX
was dissolved in deionized water prior to the particle size (D[4,3]) were recorded by LA-960 particle size
distribution analyzer (Horiba, Japan).

2.4.5. Scanning electronic microscopy (SEM)
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After compacting the pretreated samples to the tablet and sputtering (60 s at 20 mA) with gold deposition
(Quorum Technologies, UK), SEM images were obtained at an acceleration voltage of 15 kV.

2.5. Rheological properties
The rheological properties of AX solution were measured by HAAKE MC301 Rheometer (Thermo-
Scienti�c, Germany) using frequency scanning mode. Shear rate was set in the range of 0.1–100 r/s, and
viscosity was recorded as response. Shear rate from 0.1 Hz to 10 Hz was set as the testing range, and G’
and G’’ were recorded to measure the viscoelasticity properties.

2.6. Emulsifying properties

2.6.1. Preparation of emulsion
AX (2%, w/v) and sodium benzoate (0.1%, w/v) were �rst dissolved in water to produce an aqueous
phase, then the AX solution was mixed with half volume of soy oil. Emulsions were made by
homogenizer for 5 min at 10000 rpm, named UAE emulsion and AKE emulsion, respectively. The
emulsions were then stored at room temperature until measurements.

2.6.2. Particle size distribution
According to the previously reported method (Humerez-Flores et al. 2022), the measurements were
performed at 20°C. The refractive index was set at 1.474 for the dispersed phase (soy oil) and 1.333 for
the dispersant (water). Emulsions were diluted 50 times in deionized water before being analyzed by LA-
960 particle size distribution analyzer (Horiba, Japan). The mean particle size was calculated as D[4,3] by
the system.

2.6.3. Rheological properties
The rheological behaviors of the emulsions, including apparent viscosity and viscoelasticity, were
determined before and after storage using HAAKE MC 301 Rheometer (Thermo-Scienti�c, Germany). The
shear rate was set in the range of 0.1–100 r/s in viscosity measurements and between 0.1 Hz and 10 Hz
for viscoelasticity measurements.

2.6.4. Thermal and freeze-thaw stabilities
The thermal and freeze-thaw stability of the emulsions were tested according to the method previously
reported (Ye et al. 2021) with modi�cations. Brie�y, the fresh emulsion was separated into 3 tubes and
designated A to C. A and B were held at 4°C and − 20°C for 24 h, respectively, and then brought to 25°C in
a water bath; C was heated to 90°C for 1 h and then cooled to room temperature. The emulsions were
then photographed, centrifuged, and observed under a microscope.

2.7. Statistical analysis
All experiments were carried out in triplicate, and data were expressed as the mean ± SD. ANOVA analysis
was performed at a signi�cant difference level of p < 0.05 by IBM SPSS Statistic 21.0 (SPSS Inc.,
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Chicago, IL, USA).

3. Results And Discussions

3.1. Chemical composition
As shown in Table 1, both UAE-AX and AKE-AX mainly consisted of polysaccharide with a minor presence
of protein. A lower protein level of UAE-AX indicated the broken covalent connections between proteins
and saccharides by ultrasound, as proven in previous studies (Chen et al. 2021b). Monosaccharide
analysis revealed that both AXs were mainly composed of xylose, arabinose, and glucose (Table 2). No
signi�cant difference (p < 0.05) in the monosaccharide composition was observed. According to the
previous studies on BSG-AX, xylopyranosyl residues were connected through (β 1→4), whereas
arabinofuranosyl residues were mostly linked to 2/3-O of xylose through (1→2) or (1→3) (Coelho et al.
2016). Traditionally, the arabinose to xylose (A/X) ratio was employed to identify the degree of branching.
The similar A/X ratios of AKE-AX (0.72) and UAE-AX (0.67) indicated a slight degradation effect on the
arabinose side chains by UAE. This was in agreement with the report that the degree of branching was
slightly decreased by ultrasonic degrading treatment, which suggested the cleavage of both the AX
backbone and side chains (Liu et al. 2020). Also, the glucose found in AX might come from the linked or
bound cellulose, as the linkages between AX and cellulose were not completely broken down either by
UAE or by AKE (Coelho et al. 2016).

Table 1
Yields and contents of the main components in AKE-AX and UAE-AX

  AKE-AX UAE-AX

Yields (%) 9.60 ± 0.06b 13.60 ± 0.17a

Sugar contents (%) 84.06 ± 2.29a 85.07 ± 3.26a

Protein contents (%) 4.04 ± 0.19a 2.45 ± 0.08b

AX contents (%) 56.20 ± 1.34a 60.46 ± 3.27a

AX yields (%) 38.37 ± 0.91b 58.47 ± 3.17a

Different letters above each data indicated signi�cant differences (Tukey test, p < 0.05).
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Table 2
Monosaccharide compositions and molecular weight of UAE-AX and AKE-AX

  AKE-AX UAE-AX

Monosaccharide compositions Xylose (mol %) 45.77 ± 2.41a 50.21 ± 6.63a

Arabinose (mol %) 33.14 ± 0.87a 33.62 ± 4.62a

Glucose (mol %) 8.47 ± 0.92a 14.52 ± 5.88a

GPC analysis > 106 kDa Content 8.13% -

PDI 14.74 -

100–105 kDa Content 83.74% 100%

PDI 24.03 13.46

< 100 kDa Content 8.13% -

PDI 1.24 -

Different letters above each data indicated signi�cant differences (Tukey test, p < 0.05).

GPC analysis (Table 2) showed that AKE-AX was composed of three different Mw components. The Mw
of UAE-AX was decreased to 2741 kDa, the component greater than 106 kDa diminished in UAE-AX, and
the component between 100 kDa and 105 kDa of UAE-AX also showed increased ratio and polydispersity
index (PDI) than AKE-AX, implying that UAE-AX had a lower degree of polymerization but greater
homogeneity due to the degradation effect of ultrasound. Previous study also reported that AX treated by
ultrasonication was broken into shorter chains of a speci�c range of Mw (Liu et al. 2020), which was
highly similar to the results observed in AXs. As previously noted by Yan et al. (Yan et al. 2015), the
primary reason for the degradation was ultrasonic shearing force, the decreased PDI of AX following UAE
indicated an ultrasonic degrading mechanism of midpoint scission rather than random degrading.
Longer AX chains were more sensitive to shearing and therefore larger molecules over 106 kDa were more
easily broken than smaller ones. In addition to shortening the saccharide chains, the saccharide
degradation could also increase the accessibility of side chains.

By applying UAE, total sugar yield and AX yield were improved by 43.36% and 52.41%, respectively, and
the extraction time was decreased from 4 h to 15 min compared with AKE. Moreover, UAE simultaneously
broke the linkages between AX and cellulose or protein, resulting in higher AX solubility and lower protein
content. This demonstrated the UAE's signi�cant potential for improving AX extraction e�ciency and
modifying the AX structure.

3.2. Structural characteristics of AXs

3.2.1. Ultraviolet and infrared spectrum
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Figure 1 (a) depicted the UV spectra of AX extracted using two approaches, where similar peaks around
200 nm and 280 nm were observed, associated with similar composition of UAE-AX and AKE-AX.
Absorption at 207 nm was attributed to n → π* transitions in saccharides (Wang et al. 2021a). The
weaker absorption at 280 nm in UAE-AX was assigned to lower protein content, indicating the
dissociation of AX-protein complexes induced by ultrasound, which was con�rmed by the Bradford
assays (Chang et al. 2021).

The FT-IR spectra of UAE-AX and AKE-AX were shown in Fig. 1 (b). The broadband around 3450 cm− 1

was attributed to the strong absorption of hydroxyl groups in the polysaccharide. The C-H stretching
vibration was linked to the absorption peak at 2928 cm− 1 (Kaur et al. 2021). In addition, absorption at
1656 cm− 1 was attributed to symmetric vibration of C = O, implying the presence of carboxyl groups.
Absorption at 1385 cm− 1 and 1039 cm− 1 were attributed to the vibration of C-O-C (Kaur et al. 2021), and
1426 cm− 1 was attributed to ester carbonyl groups (He et al. 2021). The absorption of β-glycosidic bond
and α-glycosidic bond has been observed at 898 cm− 1 and 810 cm− 1, respectively (Jiao et al. 2021).
According to Kaur et al. (2021), the absorption band from 1200 cm− 1 to 800 cm− 1 was connected to the
pyranose ring in AX, and the sharp peak at 1028 cm− 1 could be a clue to a higher branched structure of
AX. However, it was not prominently found in AKE-AX and UAE-AX despite their high A/X ratios. Besides,
weaker absorptions at 1385 cm− 1 and 1039 cm− 1 in UAE-AX meant reduced C-O-C, thus proving the
hydrolysis of saccharide and phenolic side chains after UAE.

Based on the results mentioned above, UAE-AX and AKE-AX were neutral polysaccharides containing α-
glycosidic and β-glycosidic linkages, exhibiting similar characteristics in both UV and FTIR.
Ultrasonication hardly affected functional groups of saccharides since most changes were observed
between 1000 cm− 1 and 500 cm− 1. This was in line with the prior research indicating that ultrasonic
treatment could cause degradation of polysaccharide chains but no changes in functional groups
(Mendez-Encinas et al. 2020).

3.2.2. Circular dichroism
Circular dichroism spectroscopy was used to determine the chain conformation of AX in an aqueous
solution by comparing it with reported CD spectra. As shown in Fig. 2, the presence of different
characteristic peaks in UAE-AX and AKE-AX suggested that their structure in aqueous solution had
changed. AKE-AX had an intense Cotton effect at 195 nm and a shoulder peak around 230 nm, while UAE-
AX had a much weaker molar ellipticity than AKE-AX, with λmin observed at 215–220 nm and λmax at 200
nm. AKE-AX spectrum was assigned to the combined conformation of the random coil and β-turn (Chen
et al. 2021a), while the spectrum of UAE-AX was assigned to the random coil conformation described in
xanthan (Yang and Zhang 2009). The conformation of the random coil may originate from the �exibility
of xylan due to the fewer hydrogen bonds, and the β-turn might come from the protein linked on AX
(Picout and Ross-Murphy 2002). As the polarity gradually decreased, hydrogen bonds would be
strengthened, and the molar ellipticity would be increased (Kreisman et al. 2007). However, weaker
ellipticity as the polarity of the solution decreased suggested the lack of β-helix or sheet-like structures
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maintained by hydrogen bonds. Decreased ellipticity and a lack of negative Cotton effect at 195 nm in
UAE-AX may re�ect the degradation and changed micro-environment of saccharides. Although ultrasound
did not change the type of conformation, it unfolded structures and reduced asymmetry, resulting in the
exposure of functional groups on UAE-AX.

3.2.3. Morphology
As shown in Fig. 3 (a), AKE-AX had smoother surfaces and showed “comb-like” structures, the highly
ordered formations formed by the interacted chains. Contrastingly, UAE-AX exhibited more stacked and
“worm-like” formations. The AKE-AX maintained more regular structures in traditional extraction process,
while the UAE-AX chains were found conjugating together to form irregular structures with rough surfaces
due to the destruction of the rigid structures and the improvement of chain �exibility, which was
consistent with the results obtained by Wang et al. (2021b). Such changes were mainly caused by the
disruption of hydrogen bonds by the shearing and cavitation effects of ultrasound. Previous study also
reported increasing loose and porous structures and more fragmented pieces as the intensity of
ultrasonic treatment went higher, leading to the explosive destruction of the AX physical structure (Fan et
al. 2020).

3.2.4. Particle size
As shown in Fig. 3 (b), AKE-AX had multimodal distribution and a bigger particle size (12.56 µm), while
UAE-AX had a smaller particle size (4.993 µm). The smaller particle size of UAE-AX could be explained by
shorter chains after sonication. This was consistent with the results of GPC analysis that AKE-AX was
composed of multiple components with different Mw, while UAE-AX had a single component, indicating
that the particle size of AX molecule in solution was mainly determined by Mw. These changes in
conformation and aggregated morphology after sonication could result in improved physicochemical
properties and functions. As previously reported (Wu and Ma 2016), the shape and size of emulsi�er
particles had a signi�cant impact on the emulsion stability. It should be noted that smaller particles not
only formed emulsions with smaller droplets, but may also alter the stabilization mechanism of
emulsions.

3.3. Rheological properties of AX solutions

3.3.1. Apparent viscosity
Viscosity-shear rate curves of AKE-AX and UAE-AX solutions (2%, w/v) were presented in Fig. 4 (a). Both
AKE-AX (n = 0.8689, K = 0.01194) and UAE-AX (n = 0.9740, K = 0.03241) exhibited shear-thinning
characteristics with decreased viscosity when subjected to high shear rates. This was the most common
non-Newtonian �uid property in polymer solutions. When the shear rate increased, the entangled chains
were released, and physical interactions were disrupted, resulting in a decrease in the apparent viscosity
of the AX solutions. It was also found that UAE-AX had higher solution viscosity and a weaker response
to the increasing shear rate. A similar effect was observed in oxidized protein, where smaller particles
were found with higher viscosities and comparable gel-forming capacities (Cao et al. 2022). Such
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changes could be attributed to sonication unfolding AX chains and exposing groups, as con�rmed by
SEM and CD. Higher chain �exibility and more exposed groups contributed to increased polysaccharide
interactions and viscosities. It was reported that a more compact structure with fewer interactions could
cause lower viscosity (Ye et al. 2020), which explained the UAE-AX solution having higher viscosity after
sonication.

3.3.2. Viscoelasticity
Figure 4 (b) displayed similar viscoelastic behaviors of AKE-AX and UAE-AX solutions (2%, w/v). Both
solutions showed lower loss moduli (G’’) than storing moduli (G’) at low frequencies (0.01-5 Hz),
indicating liquid-like behaviors, and showed greater G’ than G’’ at higher frequencies (5–10 Hz), indicating
solid-like behavior and weak gel structures. Similar behavior was also found in Rhododendron
aganniphum polysaccharides (Guo et al. 2017) and barley kernel arabinoxylan (Li et al. 2020). The
macromolecules were able to entangle to maintain their structure and resist shearing forces. Therefore,
the AX solutions exhibited solid-like behavior at high shear rates. However, a high dependency of tan δ on
frequency implied that the AX molecules in the solution did not form a stable and durable gel network
structure (Li et al. 2020). Although the AXs had similar viscoelastic behaviors, the higher modulus in UAE-
AX demonstrated that ultrasonication might have improved the gel capacity of AX. A previous study
found that the gelling capacity of arabinoxylan was improved to a certain extent after being treated with
protease or dialysis. The effect was attributed to the weakening of the steric hindrance effect of the
protein and the tighter group interactions of arabinoxylan (Mendez-Encinas et al. 2019). After sonication,
the decreased protein content and the stronger interaction and entanglement between AX molecules
caused by group exposure might be responsible for the higher gelling capacity.

3.4. Emulsifying capacities and stabilities

3.4.1. Droplet size
Microscopy images of emulsions before and after storage were shown in Fig. 5 (a). After storing for 7
days, larger and irregular droplets accompanied by �occulation of droplets were observed in AKE
emulsion, while UAE emulsion showed less growth in droplet size. The oil droplets were dispersed more
evenly in UAE emulsion, and there was no �occulation observed, demonstrating the greater stability and
stronger liquid �lms on the inter-surface in UAE emulsion. Figure 5 (b) provided the size distribution of
emulsions prepared freshly and stored for 7 days. After storage, D[4,3] of UAE emulsion increased from
6.40 µm to 17.27 µm, while D[4,3] of droplets in AKE emulsion increased from 21.20 µm to 32.49 µm.
With more time in storage, the percentage of large droplets further increased while that of smaller
droplets gradually decreased. UAE emulsion exhibited bimodal distribution after storage for 3 days, while
AKE exhibited bimodal distribution right after emulsi�cation. The particle size distribution of fresh
emulsion showed a high similarity to that of AX solutions, suggesting that the initial droplet size might
depend mainly on the size of emulsi�er. This was in line with the conclusion that a smaller emulsi�er was
bene�cial in reducing the oil droplet size of the emulsion. The molecular weight of AX and the particle
size were reduced by UAE, and the emulsifying property was therefore improved. Shorter saccharide



Page 11/22

chains reduced bridging, and smaller particles could more easily enter the voids between droplets and
adsorb at the interface (Tang and Huang 2022). In addition, lower Mw and more �exible chains of UAE-AX
also made it easier to form liquid �lms that covered droplets and prevented oil droplets from coalescing
or liquid �lms from breaking apart (Ravera et al. 2021).

3.4.2. Rheological behavior
As shown in Fig. 5 (c), the UAE emulsion (n = 0.4612, K = 0.1561) had a higher apparent viscosity
compared with the AKE emulsion (n = 0.6794, K = 0.1561). This could be attributed to the higher viscosity
of the UAE-AX solution. Higher viscosity was believed to positively affect emulsion stability, as the
movement rate of oil droplets in the viscous dispersed phase was reduced, and the �occulation of oil
droplets was hindered (Humerez-Flores et al. 2022). After 7 days of storage, both the AKE emulsion and
the UAE emulsion demonstrated reduced viscosities. An explanation of the reduced viscosities during
storage might be the free polysaccharide in the initial emulsion being surrounded by oil droplets when
bridging �occulation occurred, which led to the reduction of its thickening effect on the solution and
emulsion (Zhai et al. 2021).

Figure 5 (d) demonstrated the viscoelastic behavior of emulsions. After storage, the storing modulus of
the UAE emulsion signi�cantly increased, the tan δ was lower than one, and the response of tan δ to
frequency decreased, demonstrating the formation of a gel structure (Li et al. 2019). Although the AKE
emulsion exhibited similar behavior to UAE-AX and a gel structure, the lower storage modulus indicated a
weaker network. The formation of the gel structure in the emulsion resulted from the good gel-forming
ability of arabinoxylan itself. The network structure formed by AX allowed the entrance of oil droplets of a
speci�c size, forming strong gelation and inhibiting the movement of oil droplets and AXs (Ye et al.
2021). UAE-AX obtained smaller molecules and stronger interaction forces after sonication and could
form a denser network in solution, wrapping and stabilizing smaller oil droplets. Wu and Ma (2016)
reported that elliptical particles could effectively stabilize the emulsion. Particles with a high aspect ratio,
especially rods, were bene�cial to the network forming and emulsion stability, which may explain the
superiority of UAE-AX in emulsion stabilization.

Conclusively, the smaller and more elliptical particles, and less asymmetric conformation may be
responsible for the better emulsifying capacity of UAE-AX. The enhanced viscosity and viscoelasticity
may be responsible for the higher stability of the emulsion. The higher viscosity and stronger structure
constrained the droplet movement and reduced �occulation, which resulted in less aqueous solution
separation from the gel structure (Huc-Mathis et al. 2021).

3.4.3. Stabilities against heat and freeze-thaw
Different temperatures and processing conditions were unavoidable during manufacturing, and emulsion
stability should be considered in a variety of environments. Appearance and microscope images of
emulsions stored at various temperatures are depicted in Fig. 6. As expected, storage in the refrigerator
had the least damaging effect on emulsions, and neither AKE nor UAE emulsions exhibited visible
separation. After heating, the UAE emulsion exhibited less phase separation than the AKE emulsion, and
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the droplet size remained after treatment, suggesting improved heat resistance of UAE emulsion.
However, severe destabilization occurred when the emulsion was subjected to freeze-thaw treatment,
manifested as oiling-off and serum separation. Microscopy photos of the emulsion also revealed severe
�occulation in the mass, indicating no increase in stability against freeze-thaw. Heating destroyed the
emulsion mostly by accelerating the thermal motions and enhancing the droplet collisions, while higher
viscosity restricted the accelerated movements of droplets caused by heating and could therefore
improve the heat resistance. A possible mechanism for emulsion destabilization during freeze-thaw
involved the denaturation of surfactant polymers and the destruction of droplet surfaces (Supratim and
John 2008). The AX layer that covered the droplets could be destroyed after freezing due to the
concentration effect or generation of ice crystals. It was reported that the anti-freeze capacity was linked
to molecular weight and A/X ratio (Zhao et al. 2022), neither of which was increased in UAE-AX. This may
explain the lack of improvement on anti-freeze activity of the UAE emulsion.

4. Conclusions
The present study clearly demonstrated that UAE could simultaneously extract and modify brewers’ spent
grain arabinoxylan with satisfying emulsifying capacity in a short extraction time. The structural analysis
demonstrated that UAE-AX had degraded smaller particles and decreased asymmetry, which was caused
by destruction of intermolecular interaction. The changed chain conformation and smaller particles led to
improved rheological properties and greater emulsifying capacity of the UAE-AX. Consequently, the UAE-
AX stabilized emulsion exhibited higher viscosity, gelling capacity, and enhanced stability. The research
found the great potential of ultrasonic treatment in polysaccharide extraction and structural modi�cation,
which allowed UAE effective in the reuse of BSG-AX. Further study should be taken to improve the
functional properties of UAE-AX to meet the needs of practical applications.
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Figure 1

Ultraviolet spectra (a) and FTIR spectra (b) of UAE-AX and AKE-AX
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Figure 2

Circular dichroism spectrum of AKE-AX and UAE-AX in water, 10%, 20% and 40% aqueous acetonitrile
solution (v/v)
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Figure 3

(a) SEM images and (b) particle size distribution of AKE-AX and UAE-AX
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Figure 4

(a) apparent viscosity and (b) viscoelasticity of 2% (w/v) aqueous AKE-AX and UAE-AX solution



Page 21/22

Figure 5

(a) Apparent viscosity, (b) viscoelasticity and (c) microscope images of fresh and stored emulsions; (d)
Droplet size distribution of AKE and UAE emulsion stored for different times (0 day, 3 days, 7 days). Fresh
and stored emulsions were represented with �lled circles/ boxes and empty circles/ boxes, respectively
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Figure 6

Appearances and microscope images of AKE (left) and UAE (right) emulsions stored under different
conditions


