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A B S T R A C T   

Currently, as a promising alternative protein source, the interest of edible insect protein has been continuously 
increased. However, the extraction processing had distinct effects on the physicochemical properties and func
tionalities of this novel and sustainable protein. In this study, Tenebrio molitor larvae protein (TMLP) was 
extracted via ultrasound (US)-assisted alkaline extraction. The changes of extraction kinetics, physicochemical 
characteristics, and functional properties of TMLP as a function of US time (10, 20, 30, 40, 50 min) were 
investigated. The results showed that 30 min US treatment rendered the maximum protein yield (60.04 %) (P <
0.05). Meanwhile, Peleg’s model was considered a suitable model to represent the extraction kinetics of TMLP, 
with a correlation coefficient of 0.9942. Moreover, the protein secondary structure, particle size, and amino acid 
profiles of TMLP were changed under the US-assisted alkaline extraction process. Additionally, a significant 
improvement of the functional properties of TMLP extracted with this method was observed compared to 
traditional alkaline extraction. In conclusion, the present work suggests that US-assisted alkaline extraction could 
be considered as a potential method to improve the protein yield, quality profiles, and functional properties of 
TMLP.   

1. Introduction 

In last decade, the continuously increasing challenges of population 
growth and climate changes are promoting the extensive search for 
sustainable and alternative protein sources for human beings [1,2]. As 
indicated in a convey, some novel and sustainable proteins which 
originating from micro-/macroalgae, edible insects, microbes, fungi and 
leaves showed superior advantages than those which obtained from 
traditional sources, especially for their higher protein yield, superior 
techno-functionality, and greater nutritional values [3]. Recently, edible 
insects have attracted increasing interest among researchers and stake
holders in the industry, mainly due to their nutritional compounds, 
especially for proteins with adequate amounts of essential amino acids, 
lipids with a higher proportion of unsaturated fatty acids, and valuable 
vitamins (e.g. vitamin A, vitamin C, vitamin E, and niacin, etc.) and 
minerals (e.g. potassium, calcium, iron, magnesium, and zinc, etc.) 
[4,5]. Moreover, grinding insects to powder could improve acceptability 

among wary consumers [6]. In the study of da Silva Lucasa, de Oliveira, 
da Rocha, and Prentice [7], they indicated that an increasing number of 
consumers preferred food products with ground edible insects rather 
than those presented with whole insects. Apart from its higher consumer 
acceptability, the processing of grinding or milling could significantly 
improve the physicochemical properties, volatile components, func
tional capacities, and the extraction rate of bioactive ingredients of the 
coarse edible insect flour [8]. However, the higher amount of lipids or 
insoluble chitin which included in edible insect flour were considered as 
huge obstacles for the potential application of edible insects in food 
processing, even for their excellent nutritional values [9]. Kim, 
Setyabrata, Lee, Jones, and Kim [10] also indicated the whole insect 
flour-added food products generally showed lower oxidative stability 
and in vitro digestibility which mainly attributed to the presence of 
unsaturated fatty acids and chitin. Thus, extraction processing and 
subsequent fractionation are considered crucial steps to use edible in
sects as sustainable protein source with excellent functional properties. 
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Among the various protein extraction strategies, the most conven
tional extraction method is firstly solubilized in alkaline solutions and 
subsequently recovered by using acid precipitation (the pH value ranged 
from 4.0 to 5.0) near the isoelectric point of edible insect protein [11]. 
Gravel and Doyen [12] also summarized that alkaline solubilization/ 
isoelectric precipitation extraction showed significantly higher edible 
insect protein yield than other methods, such as aqueous (pH 7.0) 
extraction, micellar precipitation, organic solvents extraction, and salt 
extraction-dialysis. However, this conventional extraction strategy 
exhibited some issues, such as environmental pollution induced by 
acidic or alkaline wastewater, relatively longer extraction time, and 
higher solvent consumption [13,14]. Moreover, Wang, Zhang, Xu, and 
Ma [15] indicated that the alkaline extraction/acid precipitation 
method could induce protein denaturation to some extent, resulting in 
quality deterioration and, consequently, limiting the application of the 
extracted proteins. Hence, some novel extraction technologies should be 
developed to assist the traditional extraction to shorten the extraction 
time and reduce energy consumption, as well as promote the yield and 
functionalities of target proteins. 

Ultrasound (US) treatment, one of the most safe, efficient, green and 
economically feasible technology, has been commonly applied to assist 
to the extraction of proteins from various sources [16–21]. Wu et al. [22] 
indicated that the higher protein yield of US-assisted alkaline extraction 
was mainly attributed to the fact that US could significantly enhance 
extraction efficiency by promoting mass transport and cell wall rupture 
induced by acoustic cavitation. Kadam, Tiwari, Álvarez, and O’Donnell 
[23] also indicated that the vibration induced by US could effectively 
promote the recovery of targeted compounds (especially proteins or 
bioactive peptides) from the solid raw material to the aqueous phase. 
However, the excessive ultrasound treatment could promote the for
mation of reactive free radicals under extreme vibration conditions, 
which subsequently led to serious protein or lipid oxidation [24]. 
Meanwhile, US-assisted alkaline extraction could alter the molecular 
structures of targeted proteins by destroying the hydrogen bonds or 
electrostatic forces through cavitation effect [25]. Xiong et al. [26] also 
indicated that US-assisted treatment could promote gelling properties, 
foaming capacities, emulsifying characteristics, and protein solubility. 
In this regard, US-assisted alkaline extraction has been widely studied in 
numerous previous works aiming to increase the yield and functional
ities of target proteins from conventional plant- or animal-based sources 
[1,14,16]. Moreover, the extraction kinetics, which is expressed by a 
typical mathematical model, was considered as a substantial aspect to 
better understand the optimization, control, and design of the US- 
assisted extraction process [27]. Milićević et al. [28] indicated that 
Peleg’s model was a typical and classical hyperbolic mathematical 
model originally aimed at predicting water sorption curves. Some pre
vious studies have announced that Peleg’s model could be commonly 
adapted to identify the best suitable parameters for the US-assisted 
extraction of rice bran oil [29], biflavonoids [30], and polyphenols 
[31]. However, few studies have been carried out to verify the suitability 
of Peleg’s model in US-assisted alkaline extraction kinetics of edible 
insect proteins. To the best of our knowledge, previous studies mainly 
focused on the extraction of edible insect proteins by using traditional 
strategies. However, little information as regards to the effects of US- 
assisted alkaline extraction parameters (especially for US time) on the 
extraction kinetics, physicochemical properties and functional proper
ties of edible insect proteins were available. Thus, the purpose of our 
present work was to study the effects of US-assisted alkaline extraction 
time (10, 20, 30, 40, 50 min) on the extraction yield, physiochemical 
characteristics (e.g., basic compositions, amino acid profiles, and sec
ondary structures), and functional properties (e.g., solubility, emulsi
fying activity index, emulsifying stability index, water holding capacity, 
and oil holding capacity) of Tenebrio molitor larvae protein (TMLP). In 
addition, the extraction kinetics of TMLP obtained from the US-assisted 

alkaline extraction process was analyzed based using Peleg’s model. The 
obtained results will establish a novel US-assisted alkaline extraction 
method with higher extraction efficiency to produce TMLP, which could 
effectively and potentially promote the exploitation novel and sustain
able protein with superior quality profiles. 

2. Materials and methods 

2.1. Insect samples 

Living Tenebrio molitor larvae, which purchased from Zhongwang 
Breeding Co., ltd. (Xuzhou, Jiangsu, China), were transported to the lab 
keeping alive. Before protein extraction, all the impurities were sepa
rated by using a 20-mesh sieve. 

2.2. US-assisted alkaline TMLP extraction 

The US-assisted alkaline TMLP extraction procedures were according 
to the same method as described by Zhang et al. [32]. Briefly, the US- 
assisted alkaline extraction was carried out via an US processor (Sci
entz-50 T, NingBo Scientz Biotechnology Co. ltd., Ningbo, China). The 
US parameters were as follows: US power was 4 W/cm3, US frequency 
was 28 kHz, US temperature was kept at 25 ℃, US time was ranged from 
10 to 50 min. The detailed US-assisted alkaline extraction flow chart is 
shown in Fig. 1. 

2.3. Basic compositions 

The basic compositions (e.g., moisture, protein, fat, and ash content) 
of the TMLP obtained from the US-assisted alkaline extraction under 
different US treatment times were determined using the method of 
Lenaerts et al. [33]. 

2.4. Protein yield 

The protein yield of the TMLP obtained from the US-assisted alkaline 
extraction under different US time was calculated as follows: 

Protein yield (%) =
WP*CP

WT *CTP
× 100  

where WP represents the weight of the TMLP, CP represents the con
centration of the TMLP, WT represents the weight of the Tenebrio molitor 
larvae whole flours, and CTP represents the protein concentration of 
Tenebrio molitor larvae whole flours. 

2.5. Extraction kinetics 

The Peleg’s model was used to describe the extraction kinetics of 
TMLP obtained from US-assisted alkaline extraction under different US 
treatment time. Peleg’s model is a non-exponential model that was 
applied to explain the mass transfer rate in solid–liquid extraction and is 
generally used to illustrate the extraction curves of target components 
[14,27]. Peleg’s model equation is as follows: 

Ct = C0 +
t

K1 + K2t
(1)  

where Ct is the extraction yield at time t (%), C0 is the initial extraction 
yield at time t = 0 (%), t (h) is the extraction time, K1 (min•%− 1) and K2 
(%− 1) are Peleg’s constants (rate constant and capacity constant, 
respectively). 

According to this model, Equation (1) is transformed into Equation 
(2), where t is the independent variable and t/(Ct-C0) is the dependent 
variable, resulting in a linear equation. The intercept and slope of this 
equation are the rate constant K1 and the capacity constant K2. 
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t
Ct- C0

= K1 + K2t (2)  

The root mean square error (RMSE) was used to measure the goodness of 
fit of Peleg’s model by comparing the experimental extraction yield with 
that calculated from TMLP, as follows: 

RMSE =

[
1
N

∑N

i=1
(experimental - calculated)2

]1/2

(3)  

2.6. Amino acid composition 

The amino acid compositions of TMLP samples were measured ac
cording to the method of Kim et al. [34] and Yi et al. [9] via an amino 
acid analyzer (L-8800, Hitachi, Japan). Protein quality was expressed as 
the essential amino acid index (EAAI) and then calculated as follows: 

The essential amino acids were used as the reference protein (Rf.) 
[35]. 

2.7. Determination of secondary structure 

The secondary structures of TMLP obtained by US-assisted alkaline 
extraction under different US treatment times were determined using a 
circular dichroism spectrometer (CD, Chirascan, Applied Photophysics 
ltd., London, UK). The parameter settings were as follows: scanning rate 
was 100 nm/min, scanning band was from 190 to 260 nm, interval time 
was 0.25 s, slit width was 1.0 nm, and the minimum interval was 0.2 nm. 
The concentration of the TMLP solution was 0.25 mg/mL, and 10 mM 

phosphate-buffered saline (PBS) (pH 7.0) was used as a blank. All 
spectra were obtained with three sweeps. The secondary compositions of 
each TMLP sample (expressed as relative percentages of α-helix, β-sheet, 
β-turn, and random coil) were calculated using CD Pro. software. 

2.8. The functional properties of TMLP 

2.8.1. Particle size 
The particle size of TMLP samples (concentration is 1.0 mg/mL) was 

measured according to the procedures of Jiang et al. [36]. 

2.8.2. Solubility 
The TMLP was fully dispersed in 10 mM PBS (pH 7.0) to a final 

concentration of 10.0 mg/mL and subsequently centrifuged for 15 min 
at 8000 g under 4 ◦C. Protein concentrations of whole solutions and 
supernatants were measured according to Biuret method. The protein 

solubility was expressed as follows: 

Solubility % =
PS

PW
× 100  

where Ps represents the protein concentration of the supernatant, and Pw 
represents the protein concentration of the whole solution. 

2.8.3. Water holding capacity (WHC) and oil holding capacity (OHC) 
The WHC and OHC were measured using the parameters of Zielińska 

et al. [6]. 

Tenebrio molitor
Tenebrio molitor

Tenebrio molitor

Fig. 1. Process flow chart for US-assisted alkaline extraction of TMLP.  

EAAI =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(mg of lysine in 1 g of text protein) × (etc.. for the other 8 essential amino acids)

(mg of lysine in 1 g reference protein)
9

√
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2.8.4. Emulsifying properties‘ 
The emulsification activity index (EAI) and emulsification stability 

index (ESI) of TMLP samples were determined using the procedures of 
Zhang, Xu et al. [5]. 

2.9. Statistical analysis 

TMLP samples were prepared for three independent batches (repli
cates). For each batch of TMLP samples, determination of related traits 
were carried out in triplicate. All data was reported as the mean ±
standard deviations (SD). The one-way analysis of variance (ANOVA) 
followed by Duncan’s test was operated by using a Statistical Software 
(version 19.0, IBM SPSS Statistics, IBM., Chicago, USA) coupled with a 
statistical significance level of 0.05. 

3. Results and discussion 

3.1. The approximate composition 

The approximate composition of TMLP is showed in Table 1. As 
shown in Table 1, with increasing of US treatment time, the protein 
contents of TMLP first increased and then decreased, reaching the 
maximum at 30 min (P < 0.05), which indicated that a moderate US 
treatment could improve the purity of TMLP. Meanwhile, when 
compared with control group, the US treatment had no significant ef
fects on moisture contents (P > 0.05). However, the fat contents grad
ually increased with increasing of US treatment time (P < 0.05). This 
phenomenon was mainly due to that the prolonged US treatment 
probably promote the combination between protein molecules and lipid, 
which made it difficult to remove lipid in the defatting progress. Thus, 
the increased fat content as a function of US time (especially for longer 
than 30 min) might be the main reason for the decreased protein con
tent. In addition, compared the control group, the ash contents 
decreased significantly with the US treatment (P < 0.05), which indi
cated that the insect shells were more easily separated from the TMLP 
with US treatment. 

3.2. Protein yield and extraction kinetics 

As shown in Fig. 2A, with increasing US treatment time, the protein 
yield increased and the maximum yield (60.04 ± 0.35 %) was obtained 
at 30 min (P < 0.05), which suggested that the protein yield can be 
improved with proper US treatment times. The main reason was that the 
physical, mechanical, and chemical effects induced by acoustic cavita
tion could improve the protein release rate [37]. However, there was a 
significant decrease in protein yield when the US treatment time was 
long. This decrease was possibly due to the reinforcement of the ultra
sonic cavitation effect and due to the prolonged US treatment time, 
which possibly hindered the mass transfer effect, exposing and 
destroying the active site of the protein, thus reducing the protein yield 
[38]. Zhang, Wang, Zhang, Xu, and Hu [39] also found that US treat
ment for 30 min obtained the highest extraction yield of rice bran 

protein, and when the US treatment time was prolonged, the protein 
yield was slightly lower, probably because the long-term US treatment 
transformed the US energy into thermal energy, and the heat effect 
could lead to protein denaturation and insoluble. Additionally, the 
changes of protein yield as a function of US time showed a positive 
correlation with the change tendency of functional properties of TMLP. 

During the extraction process, the protein yield (%) is greatly 
affected by the extraction method and parameters. In this study, to 
better demonstrate the influence of extraction methods and parameters 
on the extraction kinetics, non-exponential Peleg’s model was used. As 
shown in Fig. 2B, the Peleg’s equation curve of the US-assisted extrac
tion was obtained with t as the horizontal coordinate and t/ (Ct-C0) as 
the vertical coordinate. Where, the intercept is the rate constant K1 and 
the slope of the line is the capacity constant K2. Currently, the Peleg’s 
equation has been widely used to describe the extraction kinetics of 
various products with US-assisted extraction, such as rice bran oil, 
polysaccharides from mushroom by-products, polyphenols, and bitter 
melon seeds protein [14,27,29,31]. In addition, Ge et al. [40] reported 
that the lower K1 and K2 values indicated the larger higher protein yield. 
In this paper, the K1 and K2 values were lower than the above research 
results, and the optimal US time was determined to be 30 min, based on 
the highest extraction yield of TMLP. Therefore, the optimal US-assisted 
extraction time was 30 min under the parameters of this experiment (4 
W/cm3, 28 kHz). Furthermore, the Peleg’s model values (the highest R2, 
0.9942 > 0.95 and the lowest RMSE, 0.5030) showed a satisfactory 
agreement with the experimental values (Fig. 1B), which illustrating 
that the Peleg’s model was able to explain the kinetics of US-assisted 
extraction of TMLP. 

3.3. Amino acid composition and protein quality 

The amino acid composition is shown in Table 2. Both contained 
lower levels of sulfur-containing amino acids, such as cysteine and 
methionine, which could be because they are destroyed during the 
alkaline extraction process for protein extraction [41]. In addition, the 
amino acid a composition showed that they are rich in aspartic acid and 
glutamic acid, indicating that the TMLP may possess acidic character
istics [42]. In Table 2, compared with the control group, the total amino 
acid content of all other groups was higher, and the US-30 group had the 
highest essential and non-essential amino acids, which indicated that 
some amino acids may be released during the US treatment process, 
leading to changes in the content and composition of amino acid [42]. 
The protein quality was usually evaluated by the essential amino acid 
index (EAAI), which was determined based on the nine essential amino 
acids (EAA) required to maintain animal health. As shown in Table 2, 
the EAAI value of all groups showed no obvious difference, which sug
gested that the US treatment did not negatively affect TMLP quality. In 
summary, the US is a feasible, quick, and simple auxiliary method to 
extract high quality TMLP that can be applied for multiple purposes. 

3.4. Particle size 

Particle size has an important effect on the functional properties of 
proteins. The particle size distribution and average particle size of TMLP 
by different US time was shown in Fig. 3. As shown in Fig. 3A, there are 
two evident peaks can be observed at 0–1 μm and 1–1000 μm, respec
tively. At 0–1 μm, the peak shapes of TMLP samples from US groups 
were shifted to a smaller diameter than control group, indicating that a 
smaller particle size was obtained with US treatment. Jiang et al. [43] 
reported that ultrasonic treatment can destroy the non-covalent inter
action of protein aggregates through the shear force generated by ul
trasonic cavitation, allowing the particle diameter to be reduced. When 
at 1–1000 μm, compared with the control group, the particle size dis
tribution of the other US-treated groups showed a narrowed peak, which 
suggested that the particle size distribution became more concentrated. 
In addition, similar results could be observed in the Fig. 3B. In Fig. 3B, 

Table 1 
Effect of US time on the approximate compositions of TMLP which received from 
US-assisted alkaline extraction.   

Protein content 
(%) 

Moisture content 
(%) 

Fat content 
(%) 

Ash content 
(%) 

Control 75.75 ± 0.34C 7.17 ± 0.67A 6.95 ± 0.10C 4.86 ± 0.42A 

US-10 75.45 ± 0.16C 7.22 ± 0.42A 6.83 ± 0.06C 4.27 ± 0.01B 

US-20 76.89 ± 0.46B 7.76 ± 0.14A 7.46 ± 0.03B 4.12 ± 0.06B 

US-30 78.07 ± 1.26A 7.75 ± 0.06A 7.60 ± 0.28B 4.04 ± 0.02B 

US-40 75.48 ± 0.46C 7.73 ± 0.08A 8.54 ± 0.26A 4.17 ± 0.01B 

US-50 73.52 ± 0.33D 7.72 ± 0.05A 8.81 ± 0.15A 4.25 ± 0.02B 

Values are given as means ± SD from triplicate determinations. Different letters 
(A-D) in the same column indicate significant differences (P < 0.05). 
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the control group had the largest D (4, 3) and D (3, 2) values (P < 0.05). 
With increasing US treatment time, the D (4, 3) and D (3, 2) values first 
decreased and then increased, and the minimum of average particle size 
was obtained at 30 min (P < 0.05). Vargas et al. [44] found that US 
treatment decreased the particle size of whey protein, resulting from 
cavitation formed by the US treatment, as well as micro-streaming and 
turbulent forces. However, Gülseren, Güzey, Bruce, and Weiss [45] re
ported that when the US treatment time was longer than 40 min, the 
particle size of BSA increased, indicating that small aggregates may have 
been formed. 

3.5. Secondary structure 

The use of CD to evaluate the secondary structure of TMLP extracted 
with different US treatment times is shown in Fig. 4. All samples had the 
similar CD spectra, with two negative peaks at 210 nm and 222 nm, 
which are indicative of a typical α-helix structure. Compared with the 
control group, the negative peak intensity of the TMLP extracted with 
different US treatment times increased, indicating that the α-helix con
tent of the protein decreased, and the β-sheet content increased, which is 
consistent with the data in the Table 3. The changes of protein secondary 
structure is usually showed by ɑ-helix, β-sheet, β-turn and random coil 
contents. In Table 3, compared with the control group, with the increase 

Protein yield (%)

Fig. 2. Effect of US time on the protein yield (A) and extraction kinetics (B) of TMLP which received from US-assisted alkaline extraction. Values are given as means 
± SD from triplicate determinations. Different letters (A-E) in the D4,3 indicate significant differences (P < 0.05). 
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of US time, the content of ɑ-helix and random coil decreased and the 
β-sheet contents increased (P < 0.05). It was probably because the ul
trasound treatment caused the structure of TMLP to expand partially, 
and the hydrogen bond interaction is destroyed, resulting in the weak
ening of the rigid structure and the strengthening of the flexible 

Table 2 
Effect of US time on the amino acid profiles and protein quality of TMLP which received from US-assisted alkaline extraction.  

Unit (g/100 g protein) Control US-10 US-20 US-30 US-40 US-50 Ref. 

Essential amino acids (EAA)        
Histidine (His)  1.81  1.77  1.84  1.91  1.90  1.85  1.5 
Isoleucine (Ile)  3.75  3.77  3.70  3.98  3.92  3.78  3.0 
Leucine (Leu)  6.33  6.29  6.38  6.70  6.52  6.32  5.9 
Lysine (Lys)  4.48  4.44  4.65  4.76  4.63  4.55  4.5 
Methionine + Cysteine (Met + Cys)  2.06  2.03  1.92  2.12  2.04  2.13  2.2 
Phenyl-alanine + Tyrosine (Phe + Tyr)  7.29  7.00  7.15  7.25  7.20  7.15  3.8 
Threonine (Thr)  3.29  3.37  3.35  3.61  3.49  3.34  2.3 
Valine (Val)  3.75  3.81  3.66  4.02  3.91  3.79  3.9 
Sum of EAA  

Non-essential amino acids  

32.76  32.48  32.65  34.35  33.61  32.91  27.1 

Alanine (Ala)  3.47  3.52  3.49  3.65  3.50  3.35  
Arginine (Arg)  3.84  3.89  4.09  4.18  4.04  3.98  
Aspartic acid (Asp)  6.96  7.09  7.24  7.69  7.46  7.26  
Glutamic acid (Glu)  9.04  9.08  9.77  9.97  9.32  9.18  
Glycine (Gly)  2.96  3.01  2.87  3.08  3.03  2.97  
Proline (Pro)  2.96  3.04  3.39  3.46  3.27  3.31  
Serine (Ser)  2.92  2.96  2.97  3.18  3.06  2.98  
Sum of total AA  64.91  65.07  66.47  69.56  67.29  65.94  
EAAI  1.87  1.86  1.88  1.89  1.88  1.87  

Reference from FAO/WHO/UNU (1985). 

D D

Control

US-10

US-20

US-30

US-40

US-50

Fig. 3. Effect of US time on the particle size distribution (A) and average 
diameter (B) of TMLP which received from US-assisted alkaline extraction. 
Values are given as means ± SD from triplicate determinations. Different letters 
(A-D) in the D4,3 indicate significant differences (P < 0.05). Different letters (a- 
d) in the D3,2 indicate significant differences (P < 0.05). 

Fig. 4. Effect of US time on the circular dichroism of TMLP which received 
from US-assisted alkaline extraction. 

Table 3 
Effect of US time on the secondary structure contents of TMLP which received 
from US-assisted alkaline extraction.   

α-helix (%) β-sheet (%) β-turns (%) Random coil (%) 

Control 19.46 ± 0.20A 25.50 ± 0.34D 19.90 ± 0.09A 33.80 ± 0.17A 

US-10 18.70 ± 0.10B 26.66 ± 0.05C 19.86 ± 0.05A 33.30 ± 0.10B 

US-20 18.20 ± 0.13C 27.76 ± 0.07B 19.53 ± 0.06B 33.06 ± 0.11BC 

US-30 17.59 ± 0.20D 27.83 ± 0.25B 19.96 ± 0.05A 32.76 ± 0.21C 

US-40 17.33 ± 0.05D 28.06 ± 0.05B 19.93 ± 0.05A 32.13 ± 0.15D 

US-50 16.43 ± 0.28E 29.80 ± 0.43A 19.59 ± 0.09B 31.73 ± 0.23E 

Values are given as means ± SD from triplicate determinations. Different letters 
(A-E) in the same column indicate significant differences (P < 0.05). 
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structure of the protein, thereby resulting in the change of the secondary 
structure [15]. Zou et al. [41] obtained the similar results. They research 
the effect of US-assisted alkaline extraction on the secondary structure of 
chicken liver protein isolate and found that α-helix and random coil 
decreased, and in β-sheet contents increased. 

3.6. The functional properties of TMLP 

3.6.1. Solubility 
The solubility is very important for evaluating their functional 

properties of proteins, which is positively correlated with protein par
ticle size [46]. The solubility of TMLP for different US treatment times 
was shown in Table 4. With the increasing US traetment time, the sol
ubility first increased and then decreased, and the maximum value was 
obtained at 30 min (P < 0.05). The cavitation bubbles produced by US 
can unfold proteins and reduce their particle size (Fig. 3B). Therefore, 
the protein conformation was modified, leading to more hydrophilic 
amino acid residues facing water, and improved interactions between 
protein and water, thereby increasing protein solubility [16]. However, 
with prolonged US time (>30 min), the solubility slightly decreased, 
which was possible due to the long-term US treatment could cause the 
formation of larger protein aggregates and then result in the decrease of 
solubility [47]. 

3.6.2. WHC and OHC 
WHC is a key attribute representing the water retention function, 

swelling, dissolution, and gel properties of proteins. Another key attri
bute is OHC, which indicates the ability of protein to absorb and retain 
fat. These two attributes are important in evaluating the texture and 
quality of products [48]. As shown in Table 4, with increasing US 
treatment time, the WHC first increased and then decreased, and the 
maximum value was obtained at 30 min (P < 0.05). The possible reason 
was that the US treatment can lead to the spongy structure of the peptide 
chain skeleton and the formation of some ionized polarity groups, 
leading to the formation of a loose structure and the improvement of the 
water binding capacity [41]. However, with the US time further pro
longed (>30 min), under strong cavitation effect, the bubble collapse 
caused by US treatment could destroy both hydrophilic and hydrophobic 
groups, resulting in a lower WHC [49]. The OHC had similar results of 
the WHC. The aliphatic chains of the oil bind to the non-polar side chains 
of amino acids, which could result in the interaction of oil and protein, 
therefore, the higher hydrophobicity of protein, the better the OHC [17]. 

3.6.3. Emulsifying properties 
The hydrophobic interaction is dominant at the oil–water interface, 

and the non-polar hydrophobic residue exposed at the interface has a 
great impact on the emulsification performance. The higher the surface 

hydrophobicity, the stronger the combination of emulsifier and oil 
droplet, and the better the emulsifying performance of protein [50]. As 
seen in Table 4, with increasing US treatment time, the EAI and ESI first 
increased and then decreased. In addition, compared with the control 
group, the EAI and ESI of all other US-treated groups significantly 
increased (P < 0.05), which indicated that the US treatment enhanced 
the emulsifying properties. The possible reason was that the US cavita
tion effect led to the unfolding of conformational structures of TMLP and 
more internal hydrophobic groups were exposed on the surface of TMLP, 
thus improving the interaction of oils and proteins [16]. In addition, the 
US treatment resulted in a reduction of the partial size of TMLP (Fig. 3B), 
and exposure of hydrophobic groups, thus resulting in stronger inter
action of protein and oil and improved the emulsifying properties [51]. 
However, the prolonged US treatment (>30 min) caused a change in 
protein conformation and increased the content of insoluble protein 
aggregates, resulting in the decrease of EAI and ESI [17]. Moreover, 
under the prolonged US treatment, the strong US energy resulted in 
protein denaturation, which could influence protein migration and ab
sorption at the oil–water interface, and then decrease the EAI and ESI. 

3.7. Mechanism of US-assisted extraction 

Alkaline-solution and acid-isolation is the traditional approaches 
used for extract protein. The basic process is that the extracting solution 
is first exposed to an extremely alkaline pH and then adjusted back to 
isoelectric point. When the extracting solution is at an extreme alkaline 
pH enhanced charge repulsion moves the protein molecules to a 
partially unfolded state [1]. Subsequently, the acid precipitation steps 
recover the protein. However, this method cannot fully separate the 
protein, which can be observed in the Fig. 5. Therefore, the method of 
ultrasound assisted extraction is proposed. US-assisted extraction is an 
effective non-thermal physical extraction method for improving protein 
yield. The improved protein yield obtained by the US-assisted extraction 
is attributed to the cavitation effect generated in the solution by US wave 
[41]. As shown in Fig. 5, the high shear force and mechanical energy 
produced by US can cause cavitation, and the violent implosion of 
cavitation bubbles on the material surface can cause microjets, resulting 
in surface spalling, erosion and particle breakage [16]. These effects can 
lead to an increase in the solubility of proteins. Conversely, the 
enhanced US cavitation effect can cause cell wall disruption, and then 
result in the penetration of large amounts of solvent into the cellular 
material, improving mass transfer and releasing cellular contents, 
thereby promoting the dissolution of the protein [16]. 

4. Conclusion 

The present work indicated that US-assisted alkaline extraction could 
be applied as a potential and effective extraction method to extract 
protein from Tenebrio molitor larvae. US processing time, a crucial 
extraction parameter, showed an significant enhancement on the 
extraction yield, physicochemical characteristics and functional prop
erties of TMLP. The optimal US-assisted extraction time was 30 min 
under the US operating parameters of 4 W/cm3 and 28 kHz, with which 
the maximum protein yield of 60.04 % was obtained. Meanwhile, the 
Peleg’s model was considered as the suitable model to represent the 
extraction kinetics of the TMLP, with a correlation coefficient of 0.9942. 
Moreover, the protein secondary structure, particle size, and amino acid 
profiles of TMLP were modified under the US-assisted alkaline extrac
tion process. Meanwhile, a significant improvement of the functional 
properties of TMLP extracted with this method was observed compared 
to traditional alkaline extraction. Especially for 30 min US treatment, 
the TMLP had the highest solubility, water/oil holding capacities and 
emulsifying properties, which was positively correlated with the 
changes of protein yield. Therefore, the TMLP obtained by the US- 
assisted alkaline extraction processing could be acted as a sustainable 
source of protein which could be potentially applied in various food 

Table 4 
Effect of US time on the solubility, WHC, OHC, EAI, and ESI of TMLP which 
received from US-assisted alkaline extraction.   

Solubility 
(%) 

WHC (g/ 
g) 

OHC (g/ 
g) 

EAI (m2/g) ESI (%) 

Control 61.35 ±
2.38C 

2.05 ±
0.10C 

1.48 ±
0.05C 

48.54 ±
2.31E 

63.82 ±
0.61D 

US-10 63.66 ±
2.13C 

2.31 ±
0.39C 

1.49 ±
0.04C 

51.49 ±
0.16D 

66.10 ±
0.70CD 

US-20 70.44 ±
2.04B 

2.94 ±
0.02B 

1.56 ±
0.03C 

59.77 ±
0.78AB 

67.64 ±
2.03C 

US-30 74.92 ±
2.94A 

3.35 ±
0.07A 

1.82 ±
0.06A 

61.16 ±
0.40A 

77.43 ±
1.11A 

US-40 64.38 ±
2.04C 

2.97 ±
0.05B 

1.71 ±
0.07B 

58.46 ±
1.25BC 

72.47 ±
2.01B 

US-50 60.49 ±
3.13C 

2.02 ±
0.04C 

1.68 ±
0.02B 

57.08 ±
1.25C 

71.62 ±
1.06B 

Values are given as means ± SD from triplicate determinations. Different letters 
(A-E) in the same column indicate significant differences (P < 0.05). 
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products. In future, we will investigate the effects of different parame
ters (e.g. frequency, power density, and temperature, etc.) of US-assisted 
alkaline extraction on the extraction kinetics, physicochemical charac
teristics, functionalities, and in vitro digestibility of TMLP, which could 
successfully establish a theoretical foundation for the application of 
TMLP in the food industry. 
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