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A B S T R A C T   

In this study, the effects of ultrasonic and steam-cooking treatments on the physicochemical and 
emulsifying properties of bamboo shoots protein (BSP) were investigated. The particle size and 
the polydispersity index (PDI) of U-BSP (ultrasonic-BSP) both decreased. Fourier transform 
infrared spectroscopy (FTIR) showed that the secondary structure of U-BSP was more loose. 
Furthermore, X-ray diffraction (XRD) and thermogravimetric (TGA) analysis suggested that 
crystallinity amd thermal stability of U-BSP both deceased. The water and oil holding capacity 
(WHC/OHC) of U-BSP increased, while steam-cooking treatment had the reverse effect. We also 
investigated the effects of ultrasonic and steam-cooking treatments on BSP-stabilized emulsions. 
The viscosity of emulsion stabilized by U-BSP increased and the distribution of emulsion droplets 
was more uniform and smaller. The results showed that ultrasonic treatment significantly 
improved the stability of BSP-stabilized emulsions, while steam-cooking treatment had a signif-
icant negative impact on the stability of BSP-stabilized emulsions. The work indicated ultra-
sonication is an effective treatment to improve the emulsifying properties of BSP.   

1. Introduction 

The oil droplets and water phase in oil-in-water (O/W) emulsion are immiscible. Hence, O/W emulsion generally exhibit ther-
modynamic instability and phase separation occurs over time [1]. Based on the above case, amphiphilic surfactants are commonly used 
as emulsifiers to reduce the interfacial tension. The disadvantages of traditional surfactants are high consumption and poor 
biocompatibility. Therefore, the utilization of traditional emulsifiers has been greatly limited [2]. Pickering emulsions stabilized by 
solid particles are more stable and requires lower amount of additives than emulsions stabilized by traditional surfactants [3]. Solid 
particles are irreversibly adsorbed at the oil-water interface to form a steric barrier, which prevents coalescence and Ostwald ripening 
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in Pickering emulsions [4]. Currently, there is a research hot spot on the preparation of particle-stable Pickering emulsions using 
food-grade biomacromolecules such as proteins [5,6], gliadin [7,8], cellulose [9,10] and starch [11]. Plant proteins are natural 
biodegradable, harmless to health, less allergenic, and cheaper than the most commonly used dairy proteins [12,13]. Hence, the plant 
proteins are used in designing food emulsions has become the first choice of emulsifiers to reduce the environmental footprint of food 
production [14]. A series of plant proteins, such as soybean [15], sugar beet [15], faba bean [16], pea [17,18], mung bean [19], 
chickpea [20] and tomato seed [21], have been studied for stabilizing O/W emulsion. Consequently, the food industry urgently needs 
new and effective plant protein-based Pickering stabilizer [22]. 

Bamboo shoots are a sustainable food source [23]. Bamboo shoots are also one of the high-quality sources of plant proteins. In order 
to find natural and cheap plant proteins as emulsions stabilizer, the bamboo shoots protein (BSP) has garnered attention in the food 
industry [24]. Nevertheless, protein-stabilized emulsions can be quite sensitive to environmental factors, such as temperature, pH and 
ionic strength [25]. Therefore, it is crucial to implement various physical modifications to enhance the functionality of BSP. These 
treatments can include homogenization treatment [26], ultrasonic treatment [27] and heat treatment [28]. Ultrasonic technology is 
frequently employed in protein modification due to its low cost and environmentally friendly advantages. Ultrasonic waves alter the 
protein’s structure and spatial conformation primarily by creating local extreme physical force through acoustic cavitation effects, 
improving the functional properties of protein, such as solubility, foamability and emulsibility [27]. Furthermore, the extensive 
protein denaturation resulting from severe heat treatments during the manufacturing process results in poor functional properties of 
the protein. These may limit the application of protein in food products [29]. The aggregation state of the protein is the key factor 
affecting the performance of protein-based emulsions [30]. However, a certain degree of thermal denaturation and aggregation is 
inevitable during the commercial protein production process [31]. 

This paper aims to provide insight into the physicochemical characterization changes of BSP induced by ultrasonic and steam- 
cooking treatments. And the influence of ultrasonic and steam-cooking treatments on BSP-stabilized emulsions was also investi-
gated. The treatments effects of BSP were first assessed by examining their particles sizes, polydispersity index (PDI) and ζ-potential. 
Then fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and thermogravimetric (TGA) analysis were carried out 
for physicochemical characterization. Furthermore, the solubility and water/oil holding capacity (WHC/OHC) were tested to assess 
the impact of the treatments on the functional properties of BSP. The rheological properties, morphology, droplet size and stability of 
O/W emulsion were tested to assess the impacts of the treatments on the emulsifying performance of BSP. 

2. Materials and methods 

2.1. Materials and chemicals 

Bamboo shoots (Phyllostachys heterocycla cv pubescens) were obtained from Jingshi Agricultural Co., Ltd. (Guangde, China). The 
dried bamboo shoots comprised of 27.93% protein, 29.17% crude fiber, 33.61% total sugar, 6.12% water, 2.37% ash, and 0.41% fat. 
Soybean oil was purchased from Carrefour supermarket in Hefei. All reagents were of analytical grade and purchased from Macklin 
Instrument Co., Ltd. (Shanghai, China). 

2.2. Preparation and treatment of BSP 

BSP: This method was modified according to Yang et al., 2019 [32]. The dried bamboo shoots were first crushed into powder and 
through an 80 mesh sieve. Bamboo shoots powder (10.0 g) was mixed with NaOH (pH 9.0, 100.0 mL) at 60 ◦C for 120 min. The bamboo 

Fig. 1. Flow diagram of the preparation process of BSP samples with different treatments.  
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shoot slurry was centrifuged (8500 rpm, 4 ◦C, 20 min) to collect supernatant. The supernatant was adjusted to pH 3.8 by using 1 mol/L 
of HCl (4 ◦C). The precipitate collected by centrifugation. The precipitate was re-dissolved in deionized water, and adjusted to pH 7.0 
by using 1 mol/L of NaOH. The solution was transferred into dialysis bag and changed the water every other 12 h within 48 h. The 
obtained protein was lyophilized for further analysis and named BSP. 

U-BSP: The BSP was mixed with distilled water and stirred for 1 h and sonicated at 750 W and 25 kHz for 20 min. The temperature 
had been always kept at 55 ◦C. The slurry was freeze-dried to obtain U-BSP. 

SC-BSP: BSP was mixed with distilled water and stirred for 1 h at 55 ◦C. Then the slurry was treated at 120 ◦C for 20 min by using 
autoclave sterilizers and freeze-dried to obtain SC-BSP. 

SC/U-BSP: SC-BSP was stirred for 1 h and sonicated at 750 W for 20 min. The temperature had been always kept at 55 ◦C. The slurry 
was freeze-dried to obtain SC/U-BSP. 

Flow diagram of the preparation process of BSP samples with different treatments is shown in Fig. 1. The Kjeldahl method was used 
to determine the protein contents of the dried samples. The protein contents (dry basis) of BSP, U-BSP, SC-BSP and U/SC-BSP were 
67.90%, 68.29%, 66.19% and 65.56%, respectively. 

2.3. Preparation of O/W emulsions 

The O/W emulsions were prepared with a solution containing 0.75 wt% protein and soybean oil, and the volume ratio of protein 
solutions to oil was 7:3. The emulsions were homogenized at 10,000 rpm for 5 min and analyzed within 2 h. Then the emulsions were 
stored at 4 ◦C for 28 days to determine their stability. 

2.4. Particles size, PDI and ζ-potential measurements 

The average particle size, PDI and ζ-potential of the sample were tested using a particle size and ζ-potential analyzer (Zetasizer 
Nano ZS, Malvern Co., UK). Instrument parameters as follows: fixed angle 90◦, scattering angle 173◦, relative refractive index 1.590, 
absorption index 0.001, equilibrium time 120 s, measurement temperature 25 ◦C [33]. The sample was diluted 100 times with 
deionized water before measurement. All measurements were repeated triplicate times and the average values were calculated. 

2.5. Structure measurement 

2.5.1. Fourier transform infrared (FTIR) spectroscopy measurements 
1.0 mg sample powder mixed with 100.0 mg of KBr. FTIR spectra scanning range: 4000-400 cm− 1 (number of scans: 64, resolution: 

4 cm− 1) [34]. The changes in the 1600–1700 cm− 1 (overlapping amide I band) were interpreted by deconvoluting the bands using 
Peakfit version 4.12. 

2.5.2. X-ray diffraction (XRD) analysis 
XRD (PANalytical, Holand) using a Panalytical X’Pert Pro powder. A cobalt anode X-ray tube (Co-Kα radiation) was used to record 

the patterns. The sample powders were exposed to the X-ray beam at 45 kV and 30 mA. The scan time and step size were 0.5 s/step and 
0.02◦, respectively. The scanning region of the diffraction angle (2θ) ranged from 5 to 70◦ [35]. 

2.5.3. Thermogravimetric analysis (TGA) 
The thermal properties of samples were investigated using the TGA technique. Each sample (4 mg) was tested on a TA 2050 in-

strument (TA Inc, USA) with a heating rate of 20 ◦C/min under an atmosphere of flowing N2. 

2.6. Functional property measurement 

2.6.1. Protein solubility measurement 
The sample (10.0 mg) was mixed with distilled water (2.0 mL) and centrifuged (10,000 rpm, 4 ◦C) for 20 min. The protein content 

in the obtained solution was analyzed following a reported method [36] and bovine serum albumin (BSA) was used as a control. 

2.6.2. Water and oil holding capacities (WHC/OHC) 
The WHC and OHC of samples were tested according to a reported method [37]. The sample (4.0 g) was mixed with distilled water 

or soybean oil (20.0 mL) in a centrifuge tube (50.0 mL) and stirring for 30 min. The solution was centrifuged at 3500 rpm/min for 15 
min and discarded the supernatant. The sediment was weighed and recorded. 

2.7. Emulsion characterization 

2.7.1. Flow behavior 
The flow properties of emulsions were measured by rheometer (Thermo Haake Ltd., Germany), and followed the method reported 

by Cao [38]. The tested shear-rate ramp was in the range of 1–100 1/s and a parallel-plate sensor system with 1 mm gap between 
plates. All the experiments were done at 25 ◦C. 
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2.7.2. Optical microscopy analysis 
An Olympus optical microscope equipped with a 40-fold objective lens was used to study the microstructure of emulsions (0 h and 

24 h). 

2.7.3. Droplet size distribution 
The droplet size is called as volume-weighted average diameter (d4, 3). The d4, 3 of emulsions stored for 0, 1, 7, 14, 21 and 28 d at 

4 ◦C was determined and calculated [39]. Samples (1.0 g)were diluted with distilled water(50.0 mL). The droplet size was measured by 
Master Sizer 2000 (Malvern Instruments Co., Ltd., UK) in triplicate. The d4, 3 was calculated according to the following equation [34]: 

d43 =

∑
nid4

i∑
nid3

i

, (1)  

where ni presents the number of particles with the same diameter, and di stands for particle size. 

2.8. Statistical analysis 

The data were analyzed by using SPSS 19.0(SPSS Inc., USA) and Origin 9.0(OriginLab, USA). The data were analyzed by following 
the analysis of variance (ANOVA) method. The statistical significance differences (p < 0.05) were determined by the least significant 
difference (LSD) test. 

3. Results 

3.1. Particles size, PDI and ζ-potential distribution 

Fig. 2(a) presents the changes in the particle size and polymer dispersity index (PDI) of BSP subjected to different treatment 
conditions. Fig. 2(b) presents the ζ-potential data for BSP subjected to different treatment conditions. The particle size of BSP, U-BSP, 
SC-BSP and SC/U-BSP were 1091 ± 25 nm, 891 ± 15 nm, 982 ± 12 nm and 949 ± 14 nm, respectively. The PDI value of BSP, U-BSP, 

Fig. 2. Particle size (a), PDI (a) and Zeta (b) of BSP (A), U-BSP (B), SC-BSP (C) and SC/U-BSP (D).  
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SC-BSP and SC/U-BSP were 0.48 ± 0.031, 0.41 ± 0.015, 0.64 ± 0.013 and 0.52 ± 0.016, respectively. The Zeta Potential of BSP, U- 
BSP, SC-BSP and SC/U-BSP were − 25.63 ± 1.12 mV, − 35.26 ± 1.23 mV, − 27.25 ± 1.19 mV and − 29.16 ± 1.02 mV, respectively. 
Both ultrasonic and steam-cooking treatments led to a decrease in particle size and an increase in ζ-potential. However, the PDI values 
of SC/BSP and SC/U-BSP were higher than that of BSP. The findings suggested that partial aggregation of protein occurred after the 
steam-cooking treatment, which resulted in a decrease in particle homogeneity [40]. The U-BSP had the smallest size, the lowest PDI 
and the highest ζ-potential. The average particle size of U-BSP decreased with ultrasonic treatment and the particle uniformity was 
improved. 

3.2. Effects of treatments on the structure of BSP 

3.2.1. Analysis of FTIR spectra 
The secondary structure of the protein was commonly required by FTIR (Fig. 3(a)). The secondary structure of the protein was often 

based on the amide I band analysis (1700–1600 cm− 1, Fig. 3(b)) [41]. Gaussian peak analysis of the amide I band was performed to 
analyze the secondary structure of the samples according to Chen Wang et al., 2011 [42]. These secondary structure of protein includes 
α-helix (1650–1660 cm− 1), β-sheet (1610–1640 cm− 1, 1670–1690 cm− 1), β-turn (1660–1670 cm− 1), and random coil (1640–1650 
cm− 1) [43]. Table 1 shows the influence of different treatments on the secondary structure of BSP. The secondary structural com-
ponents of U-BSP, SC-BSP and SC/U-BSP showed difference from BSP. Compared to BSP, the α-helix content of U-BSP decreased by 
5.92%, while the contents of β-sheet, β-turn and random coil increased by 1.49%, 0.76% and 3.67%, respectively. The α-helix structure 
is the most tightly connected structure in protein molecules. Hence, the α-helix content is low indicated the protein molecular structure 
is relatively loosen and the hydrophobic sites in the protein are exposed largely [42]. The α-helix and random coil contents of SC-BSP 
and SC/U-BSP both increased compared to BSP. This might be due to the fracture of some secondary bonds of β-sheet and β-turns, 
which rearranged into a random coil and an α-helix. These results indicated that steam-cooking induced protein dissociation and 
reaggregation, thus affecting the secondary structure of BSP. 

Fig. 3. FTIR spectral profiles (a:500-4000 cm− 1, b:1600-1700 cm− 1) recorded for BSP(A), U-BSP(B), SC-BSP(C) and SC/U-BSP(D).  
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3.2.2. Analysis of XRD patterns 
The crystal structure and compatibility of BSP with different components are observed using the XRD technique. The diffraction 

peaks at 9.09◦ and 19.60◦ are characteristic peaks of the protein [44]. Fig. 4 shows that ultrasonic and steam-cooking treatments do not 
change the characteristic peaks of BSP. The crystallinity of samples was calculated according to the reported method [45]. The percent 
crystallinity of BSP, U-BSP, SC-BSP and SC/U-BSP was 67.55% 62.3%, 60.75% and 59.87%, respectively. The results indicated that 
ultrasonic and steam-cooking treatments both destroyed the regular arrangement of protein molecules and increased the disorder of 
molecular structure. 

3.3. Thermal properties 

The thermal properties of BSP, U-BSP, SC-BSP and SC/U-BSP were investigated using the TGA technique (Fig. 5). Samples were 
heated from 25 to 500 ◦C, and the heating rate was 20 ◦C/min. Typical TGA curves of BSP, U-BSP, SC-BSP and SC/U-BSP are presented 
in Fig. 5(a). BSP begins to lose weight at approximately 213 ◦C. While U-BSP begins to lose weight at approximately 192 ◦C, earlier 
than BSP. However, SC-BSP and SC/U-BSP begin to lose weight at 205 ◦C and 203 ◦C, respectively. This indicates that ultrasonic and 
steam-cooking treatments reduced the initial decomposition temperature of BSP. On the contrary, plenty of particles were gathered 
together after steam-cooking treatment, resulting in the initial decomposition temperature of SC-BSP and SC/U-BSP slightly increased. 
The major weight loss region for BSP, U-BSP, SC-BSP and SC/U-BSP is similar (230–400 ◦C) [46]. The residues at 500 ◦C for BSP, 
U-BSP, SC-BSP and SC/U-BSP are approximately 33.28%, 27.78%, 23.33% and 21.04%, respectively. Derivative thermogravimetry 
(DTG) was shown in Fig. 5(b). The maximum thermal weight loss rates (Rmax, %/◦C) for BSP, U-BSP, SC-BSP and SC/U-BSP were 
recorded to be 0.43, 0.50, 0.56 and 0.58, respectively. These results indicated that the steam-cooking treatment destroyed the structure 
of BSP more severely than ultrasonic treatment. These findings are consistent with the results of XRD. 

3.4. Functional properties 

Protein solubility is an important functional property. It significantly affects other properties of protein such as foaming, emul-
sifying and rheological properties. Table 2 shows the solubility of BSP, U-BSP, SC-BSP and SC/U-BSP at pH 7.0. The solubility of BSP 
dispersion was around 21.24%. Compared to BSP, the solubility of U-BSP increased by 5.63%. This increase may be attributed to the 
degradation of most polymers resulting from ultrasonic treatment, which ultimately leaded to exposure of a large number of hy-
drophilic groups and decreased the inter-molecular interactions between hydrophobic groups on the surface of BSP molecules. These 
contributed to the hydration of BSP and increased their solubility. In contrast, the solubility of SC-BSP and SC/U-BSP decreased by 
1.72% and 1.21%, respectively. The WAC of SC-BSP decreased to the minimum (9.69 ± 0.73 g/g). This suggested that hydrophilic 
groups was destroyed by steam-cooking and resulting in a decrease in WAC. The WAC value of SC/U-BSP was slightly higher than that 

Table 1 
Effects of treatment conditions on the secondary structure of BSP.   

BSP (%) U-BSP (%) SC-BSP (%) SC/U-BSP (%) 

α-helix 19.28 ± 0.39c 13.36 ± 0.11a 23.61 ± 0.38a 20.32 ± 0.34d 

β-sheet 35.03 ± 0.92b 30.52 ± 0.14b 20.52 ± 0.95d 21.56 ± 0.23a 

β-turn 22.88 ± 0.66a 29.64 ± 0.17c 20.20 ± 0.17bc 20.49 ± 0.36c 

random coil 22.81 ± 0.87c 33.48 ± 1.04b 35.67 ± 1.13a 37.63 ± 0.96b 

(Values followed by different letters in the same line have significant differences at p < 0.05.) 

Fig. 4. XRD patterns recorded for BSP (A), U-BSP (B), SC-BSP (C) and SC/U-BSP (D).  
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of SC-BSP. The increased WAC of SC/U-BSP can be potentially attributed to the partial dissociation of protein under ultrasonic 
treatment. The dissociated samples interacted with water molecules to improve the degree of protein hydration. Compared to BSP, U- 
BSP exhibited a high OHC value (6.03 ± 0.15 g/g). This increase may be potentially attributed to the exposure of hydrophobic groups 
by ultrasound, which enhanced the interaction between oil and protein. Conversely, a reduction in OHC was also observed in SC-BSP 
and SC/U-BSP (compared to BSP), demonstrating that the hydrophilic and hydrophobic groups of BSP were both destroyed through 
steam-cooking treatment. 

3.5. Properties of O/W emulsions 

3.5.1. Flow behavior of O/W emulsions 
The rheological properties are one of the most important properties of food. The particle size of emulsion, viscosity and composition 

of continuous phase will affect the rheological properties of emulsion. The shear force and viscosity of the emulsions stabilized by BSP, 
U-BSP, SC-BSP and SC/U-BSP particles are presented in Fig. 6. All of the investigated emulsions showed pseudoplastic behavior. The 
shear thinning behavior of emulsions stabilized with U-BSP particles was more obvious than that of lotion stabilized with BSP, SC-BSP 
or SC/U-BSP particles. Upon the addition of SC-BSP and SC/U-BSP, there was a decrease in the viscosity of the stabilized emulsions, 
compared to BSP-stabilized emulsions. In contrast, the viscosity of U-BSP-stabilized emulsions increased due to the droplet size of 
emulsions decreased and a strong 3D network in the continuous phase was formed by U-BSP particles. 

Fig. 5. TGA (a) curves and DTG (b) curves recorded for BSP (A), U-BSP (B), SC-BSP (C) and SC/U-BSP (D).  

Table 2 
Effects of treatment conditions on the Solubility, WHC and OHC of BSP.   

BSP U-BSP SC-BSP SC/U-BSP 

Solubility (%) 23.24 ± 1.32a 26.87 ± 2.84d 21.52 ± 1.12 bc 22.03 ± 1.17d 

WHC (g/g) 10.31 ± 0.86d 13.78 ± 1.41a 9.69 ± 0.73b 9.84 ± 0.65c 

OHC (g/g) 4.83 ± 0.32c 6.03 ± 0.15b 4.61 ± 0.14a 4.75 ± 0.37b 

(Values followed by different letters in the same line have significant differences at p < 0.05.). 
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3.5.2. Microphotographs of O/W emulsions 
Fig. 7 shows the optical microphotographs of O/W emulsions stabilized with BSP, U-BSP, SC-BSP and SC/U-BSP particles at 0 and 

24 h. The droplets became finer upon the addition of U-BSP to the emulsions. Furthermore, the emulsions stabilized by SC-BSP or SC/ 
U-BSP had a larger droplet size than those stabilized by BSP particles. Steam-cooking treatment leaded to a decrease in the uniformity 
of BPS particle, which was not conducive to the stability of emulsion, and the size of the formed emulsion droplets increased. 

3.5.3. Particle size analysis of O/W emulsions 
The parameter “d4, 3″ presents the volume-weighted average diameter, which is highly susceptible to changes in disaggregation, 

aggregation, or flocculation properties. Fig. 8 shows the changes in d4, 3 of BSP, U-BSP, SC-BSP and SC/U-BSP particles were used as 
stabilizers of O/W emulsions over storage times (0, 1, 7, 14, 21 and 28 d). At 28 d post-preparation, coarse emulsions were formed in 
the samples. The d4, 3 of all emulsions increased with time. The droplet aggregation may be attributed to the interaction among oil 
droplets and the rearrangement process occurring at the interface[47]. 

There was no significant difference in the d4, 3 of fresh emulsions (0 d) prepared with BSP and U-BSP. However, the d4, 3 of BSP- 
stabilized emulsions increased significantly after two weeks of storage, owing to flocculation and coalescence. The droplet size of BSP 
reached 26.27 μm after 28 d of storage, which was 1.22 times larger than the size recorded for U-BSP. It was evident that U-BSP- 
stabilized emulsions were the most stable within 28 ds? This could be due to the ultrasonic treatment improved the interfacial packing 
and conformation of the samples. In summary, the shelf life of U-BSP-stabilized emulsions was longer than BSP-stabilized emulsions. In 
contrast, emulsions prepared with SC-BSP and SC/U-BSP exhibited a sharp increase in d4, 3 over time and the droplet size reached 
32.37 μm and 31.89 μm after 28 d, respectively. The results showed that the emulsification performance of BSP particles decreased 
after steam-cooking treatment. 

4. Conclusions 

Ultrasonic and steam-cooking treatments both altered the structure of BSP to varying degrees, and then significantly influenced its 
functional properties. Ultrasonic treatment decreased the crystal structure, thermal stability and particle size of BSP. While, the 
particle homogeneity and flexibility of U-BSP were promoted, resulting in improved the solubility and water-holding capacity of the 
particles. The viscosity of emulsion stabilized by U-BSP increased and the distribution of emulsion droplets was more uniform and 
smaller. This was due to ultrasonic treatment increased the electrostatic repulsion and spatial repulsion among emulsion droplets, and 
the aggregation of emulsion droplets slowed down. Therefore, ultrasonic treatment enhanced the emulsifying ability of BSP. On 
contrast, the PDI of SC/BSP and SC/U-BSP both increased indicated a decrease in the uniformity of particle distribution. The α-helical 
content and random coil content of SC/BSP and SC/U-BSP increased, indicating that the secondary structure of BSP reaggregated after 
steam-cooking treatment. Hence, the solubility and water-holding capacity of the BSP particles after steam-cooking treatment were 
both decreased. The viscosity and uniformity of emulsion stabilized by SC/BSP or SC/U-BSP both decreased and the droplet size 
increased. These results indicated that steam-cooking treatment had a significant negative impact on the emulsifying ability of BSP. 
These findings provide a useful theoretical basis for understanding the effect of ultrasonic and steam-cooking treatments on the BSP- 
stabilized emulsions. 
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