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A B S T R A C T   

H. illucens, black soldier fly larvae (BSFL) is one of the sustainable sources of protein. However, the research on 
the functionality of BSFL proteins is limited and need to be explored to increase consumer acceptance. The aim of 
this study is to create a gel system from BSFL protein and evaluate the impact of ultrasound treatment at different 
exposure time (5, 15, 30 min) on the physicochemical properties of BSFL protein. The highest values for surface 
hydrophobicity, size, ζ-potential were obtained after 15 min of ultrasound treatment and the same was found for 
the elastic modulus. Finally, confocal laser scanning microscopy (CLSM) along with image analysis revealed the 
lowest pore size after 15 min of treatment. The high protein content of BSFL protein extract and its promising gel 
system herein created, are important features to be considered for further development of insect-based food.   

1. Introduction 

Most of the research on functional properties have been conducted 
with non-sustainable animal-based protein, which includes dairy, meat, 
poultry, and fish (Lamsal et al., 2019). However, the consumption of 
animal proteins has a substantial effect on the environment, which is 
directly correlated to climate changes, higher emission of greenhouse 
gases and depletion of natural resources (Lamsal et al., 2019). As the 
world population is predicted to reach 10 billion by 2050 as well as the 
rise of the dairy and meat consumption is expected to be incremented by 
58% and 73% respectively, sustainable consumption and production of 
protein should be considered (Fasolin et al., 2019). 

Amongst the several feasible and sustainable solutions, insect pro-
teins have gained increased attention by FAO, since they release less 
greenhouse gases and ammonia, cause less pollution, require reduced 
space and water and have a high protein content with the presence of all 
required amino acids for human consumption (Lamsal et al., 2019). The 
feed conversion ratio i.e., FCR (kilogram feed: kilogram live weight) was 
found to be 1.7 for black soldier fly larvae as opposed to 2.5 for chicken, 
5 for pork and 10 for beef. This indicates that the insect is more efficient 

to convert feed into body mass since they are cold blooded and lack the 
demand of feed to sustain their body temperature (Huis et al., 2013). 

Hermetia illucens, popularly known as black soldier fly (BSF) has been 
considered one of the most promising alternatives of proteins source 
(Bessa et al., 2020). BSF can feed and digest on various types of food, 
including abattoir waste, animal waste, spent grains and turn them into 
a nutrient rich food, reducing agricultural and other organic wastes 
(Bessa et al., 2020). From a nutritional aspect, BSF larvae (BSFL) is 
mainly rich in protein (37 to 63% dry matter) and lipid (7–39% dry 
matter) (Queiroz et al., 2021). Additionally, the amino acid composition 
of BSF meets the requirements set by WHO, which makes BSF a good 
quality alternative source of protein (Bessa et al., 2020; Queiroz et al., 
2021). A great amount of structural and muscular proteins have been 
identified in BSFL, which corroborates with the possibility of applying 
its proteins as an alternative to replace meat and soybean proteins 
(Altmann et al., 2018). 

Even though insects showed interesting nutritional characteristics 
and reduced impact in the environment, the visual aspect of whole in-
sects still causing an aversion for the consumption amongst consumers, 
in the western world (Mintah et al., 2020). However, this fact can be 
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mended by the extraction of insect protein and production of insect 
powder, which can be further incorporated as food fortification in-
gredients. Therefore, processed form of insects can be incorporated in 
foods to slowly transition the consumers to take the preliminary step to 
taste insect-based foods. In order to increase consumer acceptance, 
comprehensive knowledge should be gained on the techno functional 
properties of insect proteins which can help in introducing new food 
products with insect proteins (Queiroz et al., 2021). 

Insect processing and protein extraction can directly affect the final 
protein content and its techno-functionality. Recent studies have 
investigated how defatting followed by alkaline extraction of proteins 
can impact of physicochemical and functional properties of BSFL pro-
teins (Mintah et al., 2020; Queiroz et al., 2021). 

Recently, there have been a few studies exploring the different 
techno-functional properties of insect protein (solubility, water holding 
capacity, oil absorption capacity, gelling, foaming and emulsifying 
properties), which uncovers their technological potential and further 
use in food applications (Santiago, Fadel, and Tavares, 2021). In order to 
improve these techno-functionalities, different treatments can be 
applied such as ultrasound technique (Arzeni et al., 2012). 

Ultrasound is an acoustic wave method that involves frequency 
higher than 20 kHz, which causes a quick formation and collapse of gas 
bubbles, recognized as ultrasonic cavitation. The technique is normally 
employed to either chemical or physical food alterations (McClements, 
1995). The cavitation phenomenon causes hydrodynamic shear forces 
and a rise in temperature at the site of bubble collapse which affects the 
physicochemical properties of protein. With a of reduced processing 
time and the low amount of solvent needed, ultrasound treatment has 
been considered as a green technology that can enhance protein appli-
cation in food systems (O’Donnell et al., 2010). 

There have been many studies on improving the physicochemical 
and functional properties of proteins due to the application of high in-
tensity ultrasound such as solubility, surface hydrophobicity, water 
holding capacity, gelling, emulsifying, and foaming properties (Higuera- 
Barraza et al., 2016). In addition, the use of high energy ultrasound has 
an effect on the particle size, microstructure, secondary structure, and 
tertiary conformation of proteins (Higuera-Barraza et al., 2016). Ultra-
sound has also been applied to some insect species such as Tenebrio 
molitor, Gryllus bimaculatus and Bombyx morri for improved protein 
extraction (Choi et al., 2017). A previous study investigated the influ-
ence of ultrasound treatment in the control of silk fibroin gelation. It was 
stated that sonication initiated the β-sheet formation and accelerated the 
formation of physical cross-links involved in gel stabilization (Wang 
et al., 2008). 

However, no studies have reported the use of ultrasound treatment 
on gelling properties of BSFL protein extract and there has been a lack of 
information of how sonication can affect the physicochemical properties 
of BSFL protein extract. Therefore, the aim of this study is to investigate 
the gelling properties of protein isolated from BSFL (Black soldier fly) 
larvae flour and evaluate the impact of ultrasound treatment on the size, 
structure, and functionality of proteins. The characterization of the 
dispersions and gels made from BSFL protein extract was investigated. 
The preparation of BSFL gels was done to evaluate the mechanical and 
viscoelastic properties of the gel by oscillatory rheological measure-
ments. Furthermore, the effect of ultrasound treatment on the physico-
chemical properties and the possibility of improving the gelling 
properties was also carried out. Finally, the pore size by confocal laser 
scanning microscopy (CLSM) and image analysis was studied. 

2. Materials and methods 

2.1. Raw materials 

Black soldier fly (BSFL) larvae flour was supplied by nextProtein 
(Paris, France). n-Heptane and Hydrochloric acid, 37% were purchased 
from VWR Chemicals (Gilwice, Poland). Sodium hydroxide (pellets), 

Sodium dihydrogen phosphate dihydrate, di-Sodium hydrogen phos-
phate dihydrate were obtained from Merck KGaA (Darmstadt, Ger-
many). Rhodamine B base (dye content: 97%) and 8-Anilino-1- 
naphthalenesulfonic acid (ANS) were also purchased from Sigma- 
Aldrich (St. Louis, MO, USA). 

2.2. Protein extraction 

For the lipid extraction, the BSFL flour was stirred with heptane 
(ratio 1:5, w/v) for 1 h at 40 ◦C. The mixture was then decanted, and the 
lipid extract (liquid fraction) was recovered with paper filtration (N◦

00H, 7 cm, Sweden). After evaporation of the solvent by a rotary 
evaporator (Laborota 4000-efficient, Heidolph instruments GMBH & CO 
KG), the recycled solvent was used for a second extraction in order to 
remove any residual fat remaining in the insect flour. After the lipid 
extraction, the defatted flour was left in the fume hood overnight to 
evaporate the residual solvent. It was then dissolved in 0.25 M NaOH 
(ratio 1:15, w/v) according to (X. Zhao et al., 2016) and stirred (Polymix 
Buch & Holm, DK) at 300 rpm, 40 ◦C for 1 h. After centrifugation (Sigma 
Laborzentrifugen GmbH 4-16KS, Germany) at 2493×g 4 ◦C for 20 min, a 
2nd alkali extraction followed by centrifugation was done on the solid 
fraction. This remaining solid fraction was stored and referred to as the 
chitin extract. The supernatants from both extractions were combined. 
The pH of this obtained liquid was adjusted to an isoelectric point of 
4.3–4.5 with 2 M HCl to precipitate the proteins. After decantation, the 
solution was centrifuged at 1272×g 4 ◦C for 15 min to recover the 
precipitate. Finally, the precipitate was washed twice with distilled 
water and freeze-dried overnight. 

2.3. Protein content 

The protein content in BSFL flour and protein extract was measured 
with Dumas method, a quantitative analysis of the protein content based 
on the amount of nitrogen. According to (Janssen et al., 2017), the ni-
trogen conversion factor that was used for BSFL flour and BSFL protein 
extract were 4.67 and 5.62 respectively in order to avoid the over-
estimation of protein content due to the presence of non-protein nitro-
gen in insects. Kp value is given by the sum of all anhydrous amino acids 
and the percentage of nitrogen (Nt), determined by the Dumas method. 
The percentage of nitrogen for BSFL flour and BSFL protein extract were 
7.70% and 12.06%. The measurements of each sample were performed 
in duplicates, using 200 mg in crucibles. Aspartic acid and wheat flour 
were used to calibrate the instrument. 

2.4. Ultrasound treatment 

The 10% (w/v) dispersions were prepared by stirring BSFL protein in 
0.1 M phosphate buffer at pH 7 for two hours at 20 ◦C. 30 ml volume of 
10% (w/v) protein dispersions were put in an ice bath to reduce the 
increase in temperature during ultrasound treatment. The probe was 
inserted inside the solution and the ultrasound treatment (Branson 
Sonifier, Emerson, St. Louis, MO, USA) was fixed at 20 kHz, 500 W, pulse 
ON and OFF for 5 s at different exposure time for 5, 15 and 30 min. In 
order to determine the influence of ultrasound intensity in a process, it is 
necessary to measure the actual ultrasonic energy transferred to the 
medium. The temperature of the liquid being sonicated was recorded 
versus time with a thermocouple (Pico Technology, St Neots, UK) con-
nected to a temperature recorder. The dissipated acoustic power in the 
liquid was calculated with the help of Eq. (1) according to (Arzeni et al., 
2012) with slight modifications. The temperature rise was estimated 
from the slope of the straight portion of the line that was obtained during 
the first 60 s of the experiment. The acoustic power intensity, I (W/cm2) 
was calculated by Eq. (2) based on (O’Sullivan et al., 2016): 

P = mCp
dT
dt

(1) 
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I =
P
SA

(2)  

where P (W) is the acoustic power, SA is the surface area of the ultra-
sound emitting surface (cm2), m is the mass of ultrasound treated solu-
tion (g), Cp is the specific heat of the medium (4.18 J/g ◦C) and dT /dt is 
the rate of temperature change with respect to time, starting at t = 0 (◦C/ 
s). The acoustic power of the BSFL protein dispersions was calculated to 
be 20.38 W (II), 24.54 W (III) and 29.14 W (IV) respectively. The 
acoustic power intensity of the BSFL protein dispersions were found to 
be 29.53 W/cm2 (II), 35.56 W/cm2 (III) and 42.23 W/cm2 (IV) respec-
tively. The treatments were labelled: sample without ultrasound treat-
ment (I), sample after 5 min (II), sample after 15 min (III) and sample 
after 30 min (IV) of ultrasound treatment. 

2.5. Particle size and zeta potential by dynamic light scattering (DLS) 

The dynamic light scattering (DLS) analysis, which included the 
particle size (nm) and zeta potential (mV) was measured with Zetasizer 
Nano-ZS (Malvern Instruments, Worcestershire, UK) followed according 
to (Santiago, Fadel, and Tavares 2021). The 10% (w/v) dispersions, 
including the ultrasound treated samples were diluted to 0.1% (w/v) 
with 0.01 M phosphate buffer at pH 7 and was kept for stirring over-
night. All the dispersions were filtered using filters of 0.45 μm (Thermo 
Fisher, Massachusetts, USA) and were finally filled in the capillary cells 
(Malvern Instruments, Worcestershire, UK) to measure the particle size 
and polydispersity index at 25 ◦C as well as the zeta potential at 23 ◦C. 
The measurements of each sample were performed in triplicates. 

2.6. Turbidity 

The filtered protein dispersions were filled in the cuvettes (Eppen-
dorf, Hamburg, Germany). The absorbance was measured at 400 nm 
based on (Santiago et al., 2021) in a UV–Vis U-1500 spectrophotometer 
(Hitachi, Tokyo, Japan) and the measurements of each sample were 
performed in triplicates. 

2.7. Surface hydrophobicity 

The surface hydrophobicity was determined using 1-anilino-8-naph-
thalenesulfonate (ANS) as a fluorescence probe, according to the method 
described by (Santiago et al., 2021) with slight modifications. The dis-
persions were diluted to reach different concentration (0.0025, 0.005, 
and 0.01% w/v) with 10 mM phosphate buffer at pH 7. Then, 20 μL of 8 
mM ANS solution was prepared in the same buffer and was added to 4 ml 
of each protein dispersion and further mixed. The dispersions were kept 
in the dark for 15 min at room temperature. The extrinsic fluorescence 
intensity was measured using a SPECTRAmax GEMINI spectrophotom-
eter (Molecular Devices, CA, USA) according to (Mishyna, Martinez, 
Chen, and Benjamin 2019) with an excitation wavelength of 390 nm and 
the emission spectrum was collected at 470 nm. The blanks were 
labelled buffer with ANS and protein dispersions without ANS. All ex-
periments were performed in triplicates. The surface hydrophobicity 
was determined as a slope of the linear regression of the relative fluo-
rescence intensity and protein concentration. 

2.8. Preparation of gels 

After the ultrasound treatment, the 10% (w/v) dispersions were 
transferred in tubes (Nerbe Plus, Winsen, Germany) of 5 ml each for 
every sample to heat at 85 ◦C for 30 min in the water bath (Julabo, 
Seelbach, Germany) and then cooled down in an ice bath for 2 h at 4 ◦C, 
which was based on (Purschke et al., 2018) with slight modifications. 
The gel formation was determined through visual observation. The tubes 
were inverted and was checked if the gel did not slip or fall. 

2.9. Water holding capacity 

The water holding capacity can be defined as the ratio between the 
remaining mass after centrifugation and the initial mass of the samples, 
expressed in percentage. The weight of the dispersions before heating in 
the water bath (Julabo, Seelbach, Germany) as well as before centrifu-
gation was noted. Initially, BSFL protein was suspended in 0.1 M 
phosphate buffer at pH 7, total volume of 30 ml, which were stirred on 
the magnet stirrer for two hours, followed by ultrasound treatment. The 
dispersions were transferred to centrifuge tubes and heated at 85 ◦C for 
30 min in the water bath. Samples were then cooled down in an ice bath 
for 2 h at 4 ◦C when gels were formed. Finally, the gels were put in a 
centrifuge (Sigma 4-16KS, Osterode, Germany) for 15 min, 3000×g at 
4 ◦C according to (Silva et al., 2018) to verify the presence of superna-
tant. After the centrifugation, the supernatant was drained carefully and 
weighed. The weight of the pellet was also noted. The measurements 
were performed in triplicates for each sample. 

2.10. Rheology 

The viscoelastic properties of 10% (w/v) dispersions, including the 
ultrasound treated samples were studied using Discovery HR-2 Hybrid 
Rheometer (TA Instruments, USA) based on (Scholliers, Steen, & Fraeye, 
2020; Yi et al., 2013) with some modifications. The geometry used was 
concentric cylinder and 15 ml of sample was loaded. To prevent dehy-
dration, a cap was placed over the samples. The protein dispersions were 
successively subjected to a temperature ramp, frequency sweep, and 
stress sweep, during which G’ (elasticity modulus), G” (viscosity 
modulus), and δ (phase angle) were measured. All the rheological 
measurements were performed in triplicates, each time on a freshly 
prepared protein solution. A temperature ramp was initiated immedi-
ately after loading the samples. The heating was done from 25 ◦C to 
85 ◦C at 5 ◦C/min, 85 ◦C for 10 min and cooling from 85 ◦C to 25 ◦C at 
3 ◦C/min. During the temperature ramp, a constant strain of 0.05% and 
frequency of 0.1 Hz was maintained. A frequency sweep was performed 
after the temperature ramp, where the frequency was varied from 0.5 to 
20 Hz at a constant temperature of 25 ◦C and a constant strain of 0.01%. 
Finally, the samples were subjected to an amplitude sweep, where the 
strain was increased from 0.1% to 5000% at a constant frequency of 1 Hz 
and at a constant temperature of 25 ◦C. 

2.11. Confocal laser scanning microscopy 

The structure of the gels was observed by confocal laser scanning 
microscopy (CLSM) according to (Nascimento et al., 2020) with slight 
modifications. A solution with a concentration of 85 g/L with rhodamine 
B base in dimethylsulfoxide (DMSO) was prepared followed by stirring 
for 10 min to ensure a homogeneous solution. The suspensions were 
labelled by rhodamine B base at 0.085 g/L. The suspensions were put in 
petri dishes in the water bath at 85 ◦C for 30 min in the water bath 
followed by cooling in an ice bath for 2 h at 4 ◦C. Finally, the samples 
were imaged using a 100x lens (Nikon CFI plan achromat NA1.45) on a 
spinning disc confocal microscope constituted by an inverted micro-
scope (Nikon Ti2) equipped with a laser source (405 / 488 / 561 / 640 
nm), a confocal spinning disc module (Yokogawa CSU-W1, 50um pin-
holes), a quad-band emission filter (440 / 521 / 607 / 700 nm) and an 
sCMOS camera (Photometrics Prime95B). The average pore size was 
measured from the confocal images after being analyzed by 2-D corre-
lation analysis using ImageJ® software, as described by Silva et al. 
(2018). The use of correlation function can be performed when there is a 
dependence between a physical parameter over an extension. Briefly, 
the images were adjusted to 16 bits, where each pixel had a greyscale 
ranging from 20 (white) to 216 (black). The proteins appear as white 
spots while the empty regions as black spots. The unclear patterns were 
calculated based on a spatial collection function. If the color of a pixel 
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located at the coordinates r→= (x, y) is set as I( r→), the function, C( δ→), is 
defined by equation (3): 

C( δ→) ≡
I( r→)I( r→+ δ→)

I2 − 1 (3)  

where the result stands for the mean of coordinates over the whole 
image. 

2.12. Statistical analysis 

All measurements were carried out in triplicate unless stated other-
wise. The results were shown as the average value ± standard deviation 
(SD). The values given in the tables and figures are the means of trip-
licates, and error bars indicate the standard deviation. The values having 
different lower-case letters within each column are significantly 
different. The statistical analysis was performed by one-way ANOVA 
with Tukey’s post-test with a level of significance of p < 0.05 using 
GraphPad PRISM software. 

3. Results and discussion 

3.1. Particle size and zeta potential 

The protein content of BSFL flour and the BSFL protein extract was 
evaluated and found to be 35.67% and 62.24% respectively. The particle 
size of the BSFL protein dispersions is displayed in Table 1. All the 
treated dispersions were found to be statistically significant (p < 0.05) 
when compared to the untreated dispersion. The particle size signifi-
cantly increased to 245.3 ± 1.0 nm till 15 min of ultrasound treatment. 
The results obtained for the increase in particle size are comparable to 
Jiang et al. (2014) for the dispersions of black bean protein isolate. This 
can be attributed to turbulent forces and micro-streaming due to ultra-
sound treatment that can increase the speed of collision and aggrega-
tion, and results in the formation of soluble aggregates. The aggregation 
can be the outcome of non-covalent bonds such as hydrophobic in-
teractions (Xiong et al., 2016). Although, the particle size decreased to 
197.1 ± 1.1 nm after 30 min of ultrasound treatment which are similar 
to the results reported by Jambrak et al. (2009) where the particle size of 
soy protein concentrates and isolates dispersions decreased after 30 min 
at 20 kHz, 600 W. At a higher power and longer time of ultrasound 
treatment, the aggregates are violently broken into smaller soluble 
protein aggregates by the forces of cavitation which can disrupt the non- 
covalent interactions (Jiang et al., 2014). 

The ζ-potential of all the dispersions lies within the range of − 20 to 
− 30 mV as shown in Table 1, which indicates that they are moderately 
stable (Cano-Sarmiento et al., 2018). The ζ-potential of the treated 
sample after 5 min and the untreated sample had no significant differ-
ence, for p < 0.05. The ζ-potential after 15 min of ultrasound treatment 
in contrast to the untreated sample increased significantly (p < 0.05) 
which can be compared to the results obtained by (Jiang et al., 2014) for 

the dispersions of black bean protein isolate. The higher negative ζ-po-
tential upon ultrasound treatment could be attributed to increase in 
exposure of negative charged amino acids in the protein surface, as 
similarly reported for millet protein concentrate by (Nazari et al., 2018). 
Although, after 30 min of ultrasound treatment, the ζ-potential 
decreased from − 26.5 ± 0.5 to − 22.4 ± 0.6 mV. At a higher power and 
longer duration of ultrasound treatment, the observations are similar to 
the results reported by Xiong et al. (2016), Yao et al. (2019) for oval-
bumin and whey protein isolate respectively. The reason for the 
decrease in ζ-potential might be due to the presence of smaller aggre-
gates which prevents the negative amino acids to come to the surface 
and decreases the exposure of hydrophobic groups to come to the sur-
face (Yao et al., 2019). 

3.2. Turbidity 

The turbidity of the BSFL protein dispersions demonstrated a similar 
trend as the particle size as illustrated in Table 1. Ultrasound treatment 
had a significant effect (p < 0.05) on the turbidity in contrast to the 
untreated dispersion for all the treated samples. The absorbance of the 
protein dispersion remarkably increased to 0.554 ± 0.005 till an expo-
sure time of 15 min of ultrasound treatment. This can be attributed to 
the increase in particle size and the formation of aggregates which led to 
a rise in the turbidity, as observed by Shen et al. (2017) in the study of 
whey protein isolate dispersions treated with high intensity ultrasound. 
However, after 30 min of ultrasound treatment, the absorbance 
considerably decreased to 0.249 ± 0.004. Lower turbidity after 30 min 
of treatment was due to the decrease in particle size and diameter due to 
high shear energy waves and turbulence from cavitation which resulted 
in smaller particles of protein (Zhang et al., 2017). Due to the decrease in 
the particle diameter, the surface area available for light scattering in-
creases which results in the decline in turbidity (Shen et al., 2017). The 
turbidity of the BSFL protein dispersions demonstrated a similar ten-
dency as particle size. 

3.3. Surface hydrophobicity 

The surface hydrophobicity of the BSFL protein dispersions is shown 
in Table 1. Ultrasound treatment had a significant impact on the surface 
hydrophobicity (p < 0.05) when compared to the untreated sample. The 
increase in surface hydrophobicity can be attributed to a certain degree 
of unfolding of the protein molecules due to ultrasound treatment, 
which causes the rise in the exposure of previously embedded hydro-
phobic groups to the surface (Jiang et al., 2014). These results are 
similar to Arzeni et al. (2012) where the rise in surface hydrophobicity 
was observed for whey protein concentrate, soy protein isolate and egg 
white protein dispersions treated with high intensity ultrasound. The 
surface hydrophobicity was found to markedly increase to 617.9 ±
17.59 till 15 min of ultrasound treatment. These observations can be 
supported by Zhao et al. (2021) where the surface hydrophobicity of the 
dispersions prepared from soybean protein isolate increased to 
approximately 200 and 225 for 5 and 15 min as opposed to the untreated 
sample which was approximately at 95. Although, after exposing for 30 
min of ultrasound treatment, the surface hydrophobicity considerably 
decreased to 432.5 ± 14.13. These results are comparable with (Jiang 
et al., 2014; Yao et al., 2019) for black bean protein isolate and whey 
protein isolate respectively. At higher power and longer time of ultra-
sound treatment can lead to partial denaturation of proteins which can 
reduce the surface hydrophobicity (Jiang et al., 2014). As previously 
stated by the particle size results, the longest ultrasound treatment 
might cause the breakdown of big aggregates resulting into smaller ones 
by the intermolecular hydrophobic interactions, thus hiding most of 
their hydrophobic amino acid groups in the inner part of the aggregates 
(Yao et al., 2019). 

Table 1 
Particle size (nm), ζ-potential (mV), absorbance and surface hydrophobicity of 
untreated (I) and treated (II, III, IV) samples. Different letters in the same column 
indicate statistical significance for p < 0.05.  

Ultrasonic 
time 
(min) 

Hydrodynamic 
diameter 
(nm) 

ζ-potential 
(mV) 

Absorbance Surface 
hydrophobicity 

Control 141.1 ± 0.7e –23.6 ±
0.3e 

0.178 ±
0.004e 

184.7 ± 8.73e 

5 181.5 ± 1.0f − 24.3 ±
0.3e 

0.212 ±
0.003f 

267.7 ± 10.28f 

15 245.3 ± 1.0g − 26.5 ±
0.5f 

0.554 ±
0.005g 

617.9 ± 17.59g 

30 197.1 ± 1.1h –22.4 ±
0.6g 

0.249 ±
0.004h 

432.5 ± 14.13h  
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3.4. Water holding capacity 

The water holding capacity of the treated samples (5, 15 and 30 min) 
were significantly (p < 0.05) higher than that of the untreated sample as 
shown in Fig. 1. These results can be due to the effect of ultrasound 
treatment that led to the change in protein conformation and structure 
resulting in the exposure of hydrophilic amino acid residues towards 
water (Jambrak et al., 2009). As a result, it led to better retention of 
water in the gel which was further confirmed by the reduction of cen-
trifugal loss. The untreated gel had a water holding capacity of 60.35 ±
0.09% whereas after 5 min of ultrasound treatment, it was noted to have 
a huge increment in the water holding capacity of 93.95 ± 0.13%. The 
water holding capacity of the gel after 30 min of treatment was evalu-
ated to be the highest at 96.02 ± 0.28%, which is similar to the results 
obtained by (Amiri, Sharifian, and Soltanizadeh, 2018) for myofibrillar 
proteins treated with high intensity ultrasound at 20 kHz, 300 W where 
the water holding capacity was found to be the greatest after 30 min of 
treatment. Although, after 30 min of treatment, the slight increment in 
the water holding capacity of the gel from 95.35 ± 0.42% to 96.02 ±
0.28% was found to be not significant (p > 0.05) when compared to 15 
min of treatment. These results were comparable to (Shen, Zhao, and 
Guo, 2017) where the difference between water holding capacity after 
20 min and 40 min of ultrasound treatment of gels from whey protein 
isolate did not change significantly. 

3.5. Rheology 

3.5.1. Temperature ramp 
For sample I and III, the evolution of the storage modulus and loss 

modulus was determined during the temperature ramp to compare be-
tween treated and untreated samples as shown in Fig. 2A. During the 
heating period from 25 to 85 ◦C, there was a slight increase in both the 
elastic and loss modulus. The storage modulus was also witnessed to 
cross the loss modulus during this period which implies the onset of 
protein denaturation (Mishyna et al., 2019). In the constant heating 
period at 85 ◦C, elastic modulus was observed to increase gradually. This 
showed that the BSFL gel started to form due to the formation of ag-
gregates and the transition from sol to gel (Mishyna et al., 2019; Yi et al., 
2013). Finally, in the cooling period, both the elastic and loss modulus 
had a sharp increase which can be due to the formation of hydrogen 
bonds for the development of the gel structure (Yi et al., 2013). Thus, the 
cooling step had the most significant effect on the formation of the gel 
network due to the sharp increase in the elastic modulus (Hu et al., 

Fig. 1. Effect of ultrasound treatment on water holding capacity (%) of un-
treated (I) and treated samples II (5 min), III (15 min) and IV (30 min). 

Fig. 2. (A) Storage and loss modulus, temperature (◦C) as a function of time 
(min) for sample I and III; (B) storage modulus (G’) and temperature (◦C) as a 
function of time (min) for I, II, III, and IV; (C) tan δ as a function of temperature 
(◦C) for sample I and III during heating and cooling period; (D) storage modulus 
(G’) as a function of frequency (Hz) (E) storage modulus (G’) as a function of 
oscillation strain (%) for I, II, III, and IV. 
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2013). The results obtained from the temperature ramp for BSFL gel 
both treated and untreated are similar to (Yi et al., 2013) where they 
inspected the gelling properties of the protein fractions from five insect 
species. The untreated and treated BSFL gels displayed a similar 
behaviour during the temperature ramp. Since the gels exhibited an 
elastic dominant behaviour, the course of the elastic modulus in the 
temperature ramp curve is displayed in Fig. 2B for the samples. At the 
end of the cooling period, the ultrasound treated samples had a higher 
elastic modulus compared to the untreated gels. The magnitude of the 
elastic modulus increased till 15 min of treatment, which was found to 
be the highest. This can be attributed to the increase in particle size 
which led to the formation of aggregates due to the exposure of hy-
drophobic groups to build a firmer gel network (Hu et al., 2013). 
However, after 30 min of treatment, the magnitude of the elastic 
modulus decreased. This can be explained due to the aggregates broken 
down smaller by the forces of cavitation which can disrupt the non- 
covalent interactions and prevent further aggregation (Zhang et al., 
2017). These results are comparable to (Hu et al., 2013) which was re-
ported for gels from soybean protein isolate treated with ultrasound. The 
tan delta during heating and cooling period is illustrated in Fig. 2C for 
sample I and III. The results from tan delta were synonymous with the 
results of temperature ramp. Lower values of tan delta were found 
during the cooling period as well as towards the start of constant heating 
period, which indicated a dominant elastic behaviour. 

3.5.2. Frequency sweep 
In the frequency sweep, both the elastic and loss modulus increased 

with the increase in frequency for all the samples in Fig. 2D. The elastic 
and loss modulus had a dependence on frequency and there was no 
crossover between them. In addition, the elastic modulus was observed 
to be greater than the loss modulus indicating that the gel demonstrates 
solid-like behaviour. The trend was similar for both treated and un-
treated BSFL gels. These results are comparable to (Hu et al., 2013) for 
gels from soybean protein isolate treated with ultrasound where the 
elastic modulus was found to be higher than the loss modulus for the 
treated and untreated samples exhibiting elastic dominant behaviour. 
Since the gels exhibited predominantly an elastic behaviour, the course 
of the elastic modulus during the frequency sweep was plotted for all the 
samples. The curves for the treated and untreated samples were fit ac-
cording to (Tunick, 2011). The slope of elastic modulus versus frequency 
for sample III and sample I was calculated to be 0.268 and 0.227 
respectively. The slope of the curve was found to be the highest for 
sample III after 15 min of treatment as compared to sample I, the un-
treated sample, indicating that the ultrasound treatment increased the 
frequency dependence of the value of elastic modulus for BSFL gel 
(Tunick, 2011). The results are comparable to (Shen, Zhao, and Guo, 
2017) where the effect of ultrasound treatment increased the depen-
dence on frequency for gels of whey protein isolate. Since the slope is 
greater than zero for all the samples the gels are characterized as 
physical gels and not covalent gels, according to (Tunick, 2011). The 
treated samples (II, III, IV) had greater values of elastic modulus than the 
untreated sample i.e., sample I which also confirms the firmer texture of 
the treated BSFL gels (Hu et al., 2013). These results are similar to (Shen, 
Zhao, and Guo, 2017) where the elastic modulus after ultrasound 
treatment was found to be higher than the untreated gels of whey pro-
tein isolate. 

3.5.3. Amplitude sweep 
At a lower strain for all the samples, the elastic modulus was 

observed to be greater than the loss modulus which suggested that the 
gel has an elastic dominant behaviour. During small deformations, the 
structure of the gel remains undisturbed in the linear viscoelastic region 
(Lavoisier, Vilgis, and Aguilera, 2019). However, when the strain is 
increased, a crossover occurs between the elastic and loss modulus and 
finally, the loss modulus was found to be greater compared to the elastic 
modulus. Therefore, large deformations lead to breaking down the 

structure of the gel resulting in a viscous dominant behaviour (Schol-
liers, Steen, and Fraeye, 2020). The trend witnessed for the BSFL un-
treated gel are comparable to the results reported by (Yi et al., 2013). 
The course of the elastic modulus was shown in Fig. 2E for all the 
samples during the amplitude sweep. When compared with the treated 
samples, the magnitude of elastic modulus in the linear viscoelastic re-
gion was found to be higher in contrast to the untreated gel. The highest 
value of the elastic modulus was estimated for sample III which was 
around 2900 Pa whereas the lowest value was calculated for sample I 
which was around 365 Pa in the linear viscoelastic region. This indicates 
that sample III (treated gel after 15 min of treatment) was eight times 
more elastic than sample I (untreated gel). The major difference in the 
magnitude of the elastic modulus between treated and untreated sam-
ples implies that the ultrasound treatment had a significant effect on the 
elastic modulus. Therefore, a similar trend was observed where the 
magnitude of the elastic modulus increased with the increase in the 
exposure time until 15 min of treatment and when exposed to a longer 
time of 30 min, it decreased. This observation corroborates with the 
results obtained from both the temperature ramp and frequency sweep. 
The gel strength obtained for the ultrasound treatment after 15 min was 
found to be greater than the gels made from A. domesticus, B. dubia, 
Z. morio, T. molitor, and A. diaperinus supernatant gels where the gel 
strength was found to be 2500, 1600, 390, 100 and 140 Pa respectively 
(Yi et al., 2013). Hence, BSFL protein extract gel after ultrasound 
treatment displayed remarkable gelling properties compared to other 
gels prepared from A. domesticus, B. dubia, Z. morio, T. molitor, and 
A. diaperinus. 

3.6. Confocal laser scanning microscopy 

The microstructure of BSFL gels was investigated with confocal laser 
scanning microscopy and the mean pore size average was estimated by 
2-D correlation analysis (Fig. 3). The protein network appears orange, 
while the pores appear dark. Sample I presented the biggest pore size 
mean (1.65 ± 0.04 µm) among all samples, showing smaller protein 
aggregates with relatively larger, distinguished, and non-homogeneous 
pores. After ultrasound treatment, a dense and compact network of 
protein clusters was formed. Sample II showed a faint definition with 
larger protein aggregates and smaller pores (1.21 ± 0.03 µm). For 
sample III, the gel attained a considerably fine structure which had the 
smallest-sized pores (0.54 ± 0.05) as compared to all the samples. 
Lastly, sample IV displayed larger aggregates with inhomogeneous 
clusters and bigger pores (0.78 ± 0.03 µm) compared to sample III. The 
more compact and homogenous microstructure of sample III is in 
agreement with the rheological results, where this sample presented the 
highest elasticity. A similar tendency was also observed by (Nascimento 
et al., 2020) for milk gels, where lower pore sizes were related to more 
elastic gels. Sample III had bigger aggregates with higher hydropho-
bicity, which was promoted by the exposure of hydrophobic amino acids 
on the surface of the aggregate. Thus, hydrophobic interactions were 
allowed to take place in higher extensions, which had direct reflexes in 
its microstructure. 

4. Conclusion 

In our study, we investigate the gelling properties of BSFL protein 
after ultrasound treatment. The results indicated that untreated samples 
displayed smaller size, lower turbidity and water holding capacity, 
reduced surface hydrophobicity as well as lower gel strength. Higher 
particle size and ζ-potential, increase in turbidity, rise in surface hy-
drophobicity till an ultrasound treatment of 15 min was observed. The 
ultrasound treated gels had a higher water holding capacity as compared 
to untreated gel. The gel strength obtained for the ultrasound treatment 
after 15 min was also found to be greater than the untreated gels. The 
microstructure of the gel after 15 min of treatment was found to be the 
most compact, containing the lowest pore size. Ultrasound treatment 
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Fig. 3. (A) Confocal laser scanning microscope (CLSM) images of untreated (I) and treated (II, III, IV) samples. (B) Plot correlation as a function of pore diameter with 
exponential decay fit for I (●), II (●), III (●), and IV (●). (C) Gels mean pore size (µm), different letters on the top of the columns indicate significant differences at 
5% significance by Tukey HSD test. 
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induced modifications on physicochemical and functional properties of 
BSFL protein, which are closely related to molecular changes, mainly 
increase in the exposure of hydrophobic groups and particle size vari-
ation. In conclusion, ultrasound treatment could be applied as a green 
technology to modify the techno functional properties of BSFL protein 
and can be further explored for other sustainable protein sources. 
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