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Abstract
Enzymatic hydrolysis of migratory locust (Locusta migratoria L.) protein flour (MLPF) was investigated as a method to 
improve the techno-functional properties. Experiments were conducted under variation of the applied proteases (Alcalase, 
Neutrase, Flavourzyme, Papain) or combinations thereof, enzyme–substrate ratio (0.05–1.0% w/w), heat pre-treatment (60–
80 °C; 15–60 min), and hydrolysis time (0–24 h). Protein degradation was monitored in terms of degree of hydrolysis (DH) 
and SDS-PAGE. Solubility, emulsifying, foaming and water/oil binding properties of the hydrolysates were determined. In 
comparison to the control (DH = 5%), hydrolysis resulted in considerably higher DH values up to 42%. SDS-PAGE profiles 
revealed a steady decrease of bands between 25 and 75 kDa and an increase of low molecular weight bands (10–15 kDa). 
However, different heat pre-treatments resulted in impaired hydrolytic cleavage as evidenced by lower DH values. Protein 
solubility of MLPF hydrolysates was improved over a broad pH range from initially 10–22% up to 55% at alkaline condi-
tions. Furthermore, hydrolysis resulted in enhanced emulsifying activity (54%) at pH 7, improved foamability (326%) at pH 
3 and advanced oil binding capacity. The results of this study have clearly demonstrated the potential of targeted enzymatic 
degradation to improve the techno-functionality of migratory locust protein in order to produce tailored insect-based ingre-
dients for the use in food applications.

Keywords Edible insects · Locusta migratoria L. · Enzymatic hydrolysis · Techno-functional properties · Degree of 
hydrolysis · SDS-PAGE

Introduction

Compositional analyses of several edible insect species and 
their different metamorphic stages reveal promising nutri-
tional quality in terms of protein and fat content, valuable 
amino acid and fatty acid profiles and noteworthy concen-
trations of certain micronutrients [1–5]. Species belonging 
to the order Orthoptera such as locusts, grasshoppers and 
crickets were reported to exhibit highest average protein con-
centrations up to 77% db (dry base) among all insect orders 
[5]. Next to mealworm species, crickets and the black soldier 
fly, the migratory locust (Locusta migratoria L.) is among 
the most promising candidates for the integration of edible 

insects in western food and feed industry due to auspicious 
crude protein content of 65% db, well-balanced amino acid 
profile and already existing rearing know-how on a com-
mercial scale for pet food or even human nutrition [6–10].

The predicted growth of world population to more than 
nine billion people in 2050 coupled with the increase in the 
global need for protein and caloric energy in human nutri-
tion and livestock production have driven the research for 
novel and sustainable raw material sources providing high 
nutritional quality [11]. The consumption of insects—also 
referred to as entomophagy—is originated in Asia, Africa, 
Central and South-America, where they are mainly hand-
picked in nature and consumed in whole or low processed 
form using culinary preparation techniques [12, 13]. How-
ever, this traditional praxis is not likely to be adapted by 
western markets due to the highly industrialised food and 
feed industry and consumer habits [14–16]. Consequently, 
the development of industrial-scale mass rearing systems 
and efficient processes for the recovery of functional insect-
derived fractions such as protein, fat or chitin will be a 
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prerequisite to promote consumer acceptance and the indus-
trial use of edible insects in western countries and to explore 
a wide range of potential food and non-food applications 
[17].

Transforming edible insects into familiar food items can 
be based on conventional or emerging food processing tech-
nologies enhancing product functionality, stability, safety, 
appearance and acceptance [14–16, 18, 19]. However, there 
is a need to explore the techno-functional properties of insect 
derived protein fractions. Additionally, concepts are required 
for their tailored modification to further develop promising 
application areas and to provide superior alternatives to cur-
rently used functional proteins.

To date, only few studies are available regarding the func-
tional performance of edible insect proteins. For mealworm 
(Tenebrio molitor) and black soldier fly larvae (Herme-
tia illucens), protein solubilities between 3 and 95% were 
observed and found to be significantly influenced by the sol-
vent pH, purity of the protein fraction and previous process-
ing [20–22]. However, near the isoelectric point (IP) around 
pH 3 to 7—which reflects the common pH range of many 
food products—the protein solubility was lowest, especially 
for non-purified insect flours [20, 22, 23]. Protein solubil-
ity of untreated, defatted and acid-hydrolysed mealworm 
and silkworm pupae (Bombyx mori) flour were reported to 
range between 12 and 13% at pH 7.6 [24]. Furthermore, 
several studies reported low or negligible functionality in 
terms of emulsifying, foaming and/or gelling properties of 
proteins from Mexican fruit fly larvae (Anastrepha ludens), 
mealworm, superworm (Zophobas morio), lesser mealworm 
(Alphitobius diaperinus), house cricket (Acheta domesticus), 
Dubia cockroach (Blaptica dubia), emperor moth (Cirina 
forda) and caterpillar larvae (Imbrasia oyemensis) [25–28].

Enzymatic modification is a well-established tool to 
attain improved techno-functional properties (e.g. protein 
solubility, emulsifying or foaming properties) by limited 
proteolysis of proteins in comparison to the native, non-
hydrolysed protein as already shown for a variety of conven-
tional proteins such as soy proteins [29], rape seed proteins 
[30] and milk proteins [31]. Similar studies investigating 
targeted enzymatic hydrolysis of insect proteins to enhance 
functional properties are scarce. Wang et al. [32] studied 
the influence of enzymatic hydrolysis on house fly larvae 
(Musca domestica) proteins showing high solubility of the 
resulting hydrolysates of > 90%. Improved solubility, emul-
sifying and foaming properties after enzymatic hydrolysis of 
tropical banded cricket (Gryllodes sigillatus) depending on 
enzyme–substrate ratio, hydrolysis time and applied solvent 
pH were reported by Hall et al. [33].

Since the knowledge about the modification of insect 
proteins by enzymatic hydrolysis is still limited, the pre-
sent study investigates enzymatic proteolysis of migra-
tory locust protein flour (MLPF) using different hydrolysis 

settings under variation of the applied enzyme or enzyme 
combination, enzyme–substrate ratio and hydrolysis time. 
The specific objectives were to determine: (1) the effect of 
the parameters on protein degradation in terms of degree of 
hydrolysis (DH) and molecular weight distribution (SDS-
PAGE), (2) impact of thermal treatment on the accessibility 
of proteins for enzymatic cleavage by partial unfolding, and 
(3) the influence on the resulting techno-functional proper-
ties, including protein solubility, emulsifying activity, foam-
ing properties as well as water and oil binding capacity.

Materials and methods

Raw material and chemicals

Migratory locust protein flour (MLPF) was commercially 
purchased (Crawlers, Auckland, New Zealand). According 
to the manufacturer, locusts were reared in Thailand on a 
vegetable substrate, cleaned, thermally decontaminated, 
dried and vacuum packed. Between the experiments, MLPF 
was stored vacuum sealed under refrigerated conditions.

Enzymes used in this study including Alcalase® 2.4 L 
FG (endoprotease from B. licheniformis), Flavourzyme® 
1000 L (endoprotease and exopeptidase from (A) oryzae) 
and Neutrase® 0.8 L (endoprotease from (B) amylolique-
faciens) were kindly provided by Novozymes A/S (Bags-
vaerd, Denmark). Lyophilised Papain (cysteine-protease 
from papaya latex; ≥ 10 units/mg protein) was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). All chemicals 
used for analytical purposes were of analytical grade if not 
stated otherwise.

Chemical composition of migratory locust protein 
flour

The dry matter content was determined by oven drying 
method at 105 ± 3 °C based on AOAC 950.46 [34]. The 
crude fat content was analysed gravimetrically based on the 
ICC standard method No. 136 [35] after solvent extraction 
with petroleum ether (b.p. 40–60 °C) in a Soxhlet extractor. 
In addition, the ash content was determined according to the 
AOAC 923.03 [34] via muffle furnace method. The chitin-
derived nitrogen content was assayed as described elsewhere 
[36] via alkaline hydrolysis and subsequent total nitrogen 
determination of the dried residue using the Kjeldahl method 
according to AOAC 928.08 [34]. Chitin content was calcu-
lated using the nitrogen conversion factor 14.5 [37]. The 
total nitrogen content was analysed using the Kjeldahl 
method according to AOAC 928.08 [34]. After subtraction 
of the chitin-derived nitrogen content, the crude protein con-
tent was calculated using the nitrogen conversion factor (N) 
of 6.25. All determinations were done in triplicate.
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Enzymatic hydrolysis of migratory locust protein 
flour

For the experiments, four commercially available food-
grade enzymes were used. These enzyme preparations are 
commonly applied in the food industry for the production 
of protein hydrolysates. Hydrolysis conditions were set to 
50 °C and pH 8.0 according to the manufacturer’s recom-
mendation. The enzyme–substrate ratio (E/S) of 0.05, 0.5 
and 1.0% w/w for endo- and exoproteases has been chosen 
according to Meinlschmidt et al. [29] representing typical 
dosages used in industry. The different applied hydrolysis 
settings are illustrated in Table 1.

Single enzyme treatments

Single enzyme treatments were performed in temperature-
controlled reaction vessels applying different endo- or exo-
proteases (Alcalase, Flavourzyme, Neutrase and Papain). 

Therefore, MLPF was dispersed in deionised water at a 
protein concentration of 5% (w/v) using a rotor–stator 
disperser (X10, Ystral GmbH, Ballrechten-Dottingen, 
Germany) at 11,000 rpm for 60 s. After 1 h of solubili-
sation under constant stirring at room temperature, the 
dispersions were adjusted to 50 °C and pH 8.0 with 1 M 
NaOH prior to enzyme addition. Afterwards, the respec-
tive enzyme was added at an E/S of 0.05, 0.5 or 1.0% and 
MLPF was hydrolysed for 24 h, while aliquots were taken 
after 30, 60, 120, 240, 480, and 1440 min. During hydroly-
sis, the mixture was continuously shaken, but without pH 
adjustment. After sampling, hydrolysis was immediately 
stopped by heat treatment at 90 °C for 20 min. Control 
samples without enzyme addition were also prepared and 
treated analogously. Subsequently, samples were either 
frozen at − 30 °C and stored for the determination of pro-
tein degradation parameters or lyophilised for techno-func-
tional analyses (FreeZone 6, Labconco, Kansas City, MO, 
USA). Experiments were performed in duplicate.

Table 1  Enzymatic hydrolysis 
settings for migratory locust 
protein degradation. Reaction 
conditions were uniformly set to 
50 °C and pH 8.0

*Flavourzyme was added after 1 h of pre-digestion with the other proteases

Process Hydrolysis ID Enzyme (E/S %)

Alcalase Neutrase Papain Flavourzyme

Single enzyme Alc 1 0.05 – – –
Alc 2 0.5 – – –
Alc 3 1.0 – – –
Neu 1 – 0.05 – –
Neu 2 – 0.5 – –
Neu 3 – 1.0 – –
Pap 1 – – 0.05 –
Pap 2 – – 0.5 –
Pap 3 – – 1.0 –
Fla 1 – – – 0.05
Fla 2 – – – 0.5
Fla 3 – – – 1.0

Combined enzymes one-step OS 1 0.5 – – 1.0
OS 2 – 0.5 – 1.0
OS 3 – – 0.05 1.0
OS 4 0.5 0.5 0.05 1.0
OS 5 0.5 0.5 – 1.0
OS 6 0.5 – 0.05 1.0
OS 7 – 0.5 0.05 1.0

Combined enzymes two-step TS 1 0.5 – – 1.0*
TS 2 – 0.5 – 1.0*
TS 3 – – 0.05 1.0*
TS 4 0.5 0.5 0.05 1.0*
TS 5 0.5 0.5 – 1.0*
TS 6 0.5 – 0.05 1.0*
TS 7 – 0.5 0.05 1.0*
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Combined enzyme treatments

Enzyme combinations were applied to investigate synergistic 
effects on protein degradation and techno-functionality. For 
the one-step (OS) process (see Table 1), between two and 
four enzymes were simultaneously added at an E/S of 0.05% 
(Papain), 0.5% (Alcalase, Neutrase) and 1% (Flavourzyme), 
and MLPF dispersions were digested for 24 h. Aliquots were 
taken after 30, 60, 120, 240, 480, and 1440 min. During the 
two-step (TS) process (Table 1), up to three endoproteases 
were used in the first hydrolysis stage for pre-digestion 
of the MLPF. After 1 h of incubation, Flavourzyme (E/S 
1.0%) was added. Aliquots were taken after 60, 120, 240, 
480, and 1440 min. Sample dispersion preparation, hydroly-
sis, enzyme inactivation and hydrolysate stabilisation prior 
analysis were performed in analogy to the single enzyme 
treatments described in “Single enzyme treatments”. Experi-
ments were conducted in duplicate.

Thermal pre-treatments prior to enzymatic hydrolysis

The effect of thermal treatment prior to single enzyme 
hydrolysis on enzymatic degradation of MLPF dispersions 
was investigated as well. Therefore, 5% (w/v) MLPF dis-
persions were prepared as previously described and heat 
treated in a water bath under continuous shaking for 15 and 
60 min at 60 or 80 °C. Afterwards, MLPF dispersions were 
hydrolysed at 50 °C and pH 8.0 using Alcalase, Neutrase 
and Flavourzyme (E/S 0.5%). Further procedure was done as 
described in the previous subchapters and experiments were 
performed in duplicate.

Determination of protein degradation

Degree of hydrolysis (DH)—o-phthaldialdehyde (OPA) 
method

The DH of all samples was calculated by determining the 
free α-amino groups with o-phthaldialdehyde (≥ 99%, Roth, 
Karlsruhe, Germany) using serine as calibration standard 
according to the method of Nielsen et al. [38]. The calcula-
tion of DH was performed as indicated in Eqs. 1 and 2: 

where h is the number of hydrolysed bonds; htot is the 
total number of peptide bonds per protein equivalent; α is the 
degree of dissociated α-amino bonds; and β is the gradient 

(1)DH =
h

htot
× 100 [%]

(2)h =
serine-NH2 − �

�

[

meqv

g protein

]

of standard hydrolysis curve. The general htot factor of 8 
(soy 7.8; fish 8.2; meat 7.6) and the α and β values of 1.0 
and 0.4, respectively, reported by Adler-Nissen [39] and 
Nielsen et al. [38] were used. Measurements were performed 
in quadruplicates for each sample.

Molecular weight distribution—sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–PAGE)

The molecular weight distribution of control and hydro-
lysed samples was determined according to Laemmli [40] 
using SDS-PAGE under reducing conditions. The samples 
were diluted with Tris–HCl treatment buffer (0.125 mol  L− 1 
Tris–HCl, 4% SDS, 20% v/v Glycerol, 0.2 mol  L− 1 DTT, 
0.02% bromophenol blue, pH 6.8). Samples were boiled 
for 3 min to cleave noncovalent bonds and centrifuged at 
14,000×g for 10 min (Mini Spin, Eppendorf AG, Hamburg, 
Germany). The electrophoresis was performed on 4–20% 
midi Criterion™ TGX Stain-Free™ precast gels (Bio-Rad, 
Ismaning, Germany) and the proteins were separated using 
the Midi Criterion™ Cell (Bio-Rad, Ismaning, Germany) 
and an electrophoretic power supply (E835, Consort, Turn-
hout, Belgium). A molecular weight marker containing 
recombinant protein bands in the range of 10–250 kDa (Pre-
cision Plus Protein™ Unstained Standard, Bio-Rad Labo-
ratories Inc., Hercules, CA, USA) was additionally loaded 
onto the gel. Electrophoresis conditions were 200V, 60 mA, 
100 W at room temperature. Protein visualisation and evalu-
ation were performed by Criterion Stain-Free Gel Doc™ EZ 
Imager (Bio-Rad, Ismaning, Germany).

Techno‑functional properties

Protein solubility

The protein solubility was determined at different solvent pH 
(2–10) according to Morr et al. [41] with slight modifications. 
Briefly, samples were suspended (3% w/v) in deionised water 
containing 0, 1 or 3% NaCl. The pH was adjusted with 0.1 M 
HCl or 0.1 M NaOH and the samples were solubilised for 
2 h at ambient temperature. Protein extracts were centrifuged 
15 min at 3220×g (5810 R, Eppendorf, Hamburg, Germany) 
and 10 min at 14,000×g (5430, Eppendorf, Hamburg, Ger-
many). The supernatants were filtered through 0.45 µm PES 
syringe filters (Chromafil®, Machery-Nagel, Düren, Germany) 
and subsequently subjected to Biuret assay according to Rob-
inson, Hogden [42]. Therefore, 200 µl of the supernatant was 
added to 800 µl Biuret reagent [0.235% (w/v) anhydrous cop-
per (II) sulfate, 0.806% (w/v) sodium potassium L(+)-tartrate 
tetrahydrate, and 30% (v/v) of 10% (w/v) NaOH] followed by 
an incubation period of 20 min at 37 °C. The absorption of 
the sample was analysed at 540 nm (U-1500, Hitachi, Tokyo, 
Japan) against a blank value containing water. Bovine serum 
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albumin (> 98%, Roth, Karlsruhe, Germany) was used as cali-
bration standard. Dissolving procedure and spectrophotometric 
measurements were each done in duplicate. The protein solu-
bility index (PSI) was finally calculated according to Eq. 3 
[43], where PS and PIS are the protein contents of the super-
natant and the initial sample, respectively. 

Emulsifying activity

The emulsifying activity (EA) was determined based on 
the method of Chamba et al. [44] with slight modifications. 
Briefly, aqueous sample solutions with different pH (3, 5, 7, 
9) containing 3.35% w/v soluble protein were prepared and 
solubilised for 2 h at ambient temperature. After centrifuga-
tion at 3220×g for 15 min and at 14,000×g for 10 min, the 
supernatant was mixed with commercial sunflower oil (1:1 
v/v) and emulsified using a rotor–stator disperser (X10, Ystral 
GmbH, Ballrechten-Dottingen, Germany) at 11,000 rpm for 
30 s. Aliquots (15 mL) of the emulsion were immediately 
transferred into scaled tubes and centrifuged at 3220×g for 
15 min at ambient temperature. The height of the resulting 
emulsified layer (HEL) and the total height of solution (HS) 
were used to calculate the EA (Eq. 4). Measurements were 
performed in triplicate. 

Foamability and foam stability

The preparation of the protein solutions was carried out analo-
gously to the procedure described in the previous subchapter 
(“Emulsifying activity”). A defined volume of the supernatant 
was transferred into a graduated cylinder and subsequently 
stirred for 120 s using a rotor–stator disperser at 11,000 rpm. 
The height of the foam was documented over a period of 
30 min. The overrun (OR) was calculated according to Ham-
mershøj, Larsen [45] as indicated in Eq. 5, where Vt is the 
foam volume at the time t after foaming and Vt=0 is the initial 
liquid volume before foaming. For the characterisation of the 
foamability, OR at t = 30 s  (OR30s) were calculated. The ratio 
of  OR30min to  OR30s in percentage was defined as the foam 
stability (FS). Foaming properties were analysed in triplicate. 

Water and oil binding capacity

The water binding capacity (WBC) was assayed according 
to Quinn, Paton [46] with small modifications. Briefly, 0.5 g 

(3)PSI =
PS

PIS

× 100 [%]

(4)EA =
HEL

HS

× 100 [%]

(5)OR =
Vt

Vt=0

× 100 [%]

sample was mixed with 2.5 mL deionised water, vortexed 
for 60 s (Vortex Genie 2, Scientific Industries, Bohemia, 
NY, USA) and centrifuged for 20 min at 3220×g and room 
temperature. The supernatant was removed by decantation 
and drainage of the residual non-bound water by placing the 
centrifugation tube upside-down on a filter paper for 60 min. 
WBC was calculated according to Eq. 6 [47]: 

where m0 is the initial weight, m1 is the final weight and 
m0,DM is the initial weight of the sample based on dry matter. 
The oil binding capacity (OBC) was analysed using rapeseed 
oil instead of deionised water. Except for the vortexing step 
(120 s), experimental procedure was performed in analogy 
to the WBC assay. OBC was similarly calculated. Analysis 
of WBC and OBC was done in quadruplicate.

Statistical analysis

Statistical analyses were carried out using Statgraphics Cen-
turion XVI (Statpoint Technologies Inc., Warrenton, VA, 
USA). All data are expressed as mean ± standard deviation 
(SD) of the performed replications. Data were subjected to 
one-way analysis of variances (ANOVA) and means were 
generated and adjusted using Bonferroni post-hoc test. 
Unless stated otherwise, a 95% confidence level (statistical 
significance at p ≤ 0.05) was considered.

Results and discussion

Chemical composition of migratory locust protein 
flour

Chemical analysis of migratory locust protein flour (MLPF) 
resulted in the following composition: 96.3 ± 0.21% dry mat-
ter; 69.94 ± 0.22% db crude protein; 10.22 ± 0.06% db chitin; 
8.58 ± 0.06% db crude fat; 3.53 ± 0.07% db ash. According 
to the data reported in the literature, the composition (dry 
base) of whole migratory locusts in terms of protein, fat, 
and ash content ranges from 55.5 to 65.9%, 17.9–29.6%, 
and 3.1–4.31% depending on age and diet [8, 9]. The higher 
amount of crude protein in MLPF can be ascribed to the 
partial removal of fat during flour production resulting in a 
considerable lower crude fat content. Data concerning the 
chitin or fibre content of migratory locusts are not available, 
but the chemical characterisation of other species from the 
same order (Orthoptera) revealed total dietary fiber contents 
between 10–16% db [5, 48, 49].

(6)WBC =
m1 − m0

m0,DM

[

gwater

gDM

]
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Protein degradation

Degree of hydrolysis (DH)

The DH value is an indicator for the cleavage of peptide 
bonds and the breakdown of the complex and structured pro-
teins into smaller peptides. Various parameters such as type, 
activity, and concentration of the enzyme(s), initial degree 
of nativity/denaturation of the protein, milieu conditions (T, 
pH, ionic strength) and hydrolysis time (tH) affect the pro-
teolysis and consequently the resulting DH value [50]. The 
DH of the MLPF was continuously monitored during the 
different enzymatic hydrolyses (Table 2). The unhydrolysed 
MLPF showed a DH of 5.1%, reflecting a certain degree 
of denaturation or hydrolysis which might be ascribed to 
the processing procedure of MLPF (see “Raw material and 
chemicals”). This is in accordance to the findings of Hall 
et al. [33] who reported an initial DH of 5.2% of pasteur-
ised tropical banded cricket slurry. However, with increasing 

hydrolysis time (tH), the DH continuously increased up to 
11–42% after 24 h depending on the regarded hydrolytic 
setting used in the present study.

In general, single enzyme hydrolysis of MLPF suspen-
sions led to a higher DH as the enzyme–substrate ratio 
(E/S) and the hydrolysis time (tH) increased. According 
to the DH value, the most effective protein degradation 
among the single enzyme hydrolyses was achieved after 
treatment with Alcalase (31.1%) followed by Neutrase 
(26.2%), Flavourzyme (24.1%) and Papain (20.6%) at 
highest E/S ratio (1%) and longest  tH (24 h). A similar 
trend was already reported by Meinlschmidt et al. [51] 
for the hydrolysis of soy protein isolate. Studies regarding 
enzymatic degradation of insect protein are rather scarce. 
Hall et al. [33] reported DH values of Alcalase-hydrolysed 
cricket protein in the range between 26.1–36.3% after 
hydrolysis at 50 °C and pH 8 (E/S 0.5; tH 30–60 min). 
These results are significantly higher than the values 
found in the present study (DH 9.5–12.8%; E/S 0.5; tH 

Table 2  Degree of hydrolysis 
(%) of MLPF hydrolysates 
obtained by different protease 
treatments

*All values are means ± SD (n = 4). Different superscripts within one row indicate significant differences 
(p ≤ 0.05; one-way ANOVA, Bonferroni)

Hydrolysis ID Degree of hydrolysis (%)*

Hydrolysis time tH (min)

0 30 60 120 240 480 1440

Alc 1 5.1 ± 1.1a 7.3 ± 0.6b 9.0 ± 0.3c 8.7 ± 0.4bc 9.8 ± 0.3c 9.8 ± 0.5c 18.0 ± 0.4d

Alc 2 5.1 ± 1.1a 9.5 ± 0.8b 11.7 ± 0.6c 12.8 ± 0.9 cd 14.2 ± 0.3de 15.8 ± 0.5e 28.2 ± 0.6f

Alc 3 5.1 ± 1.1a 11.6 ± 0.4b 14.1 ± 0.1c 15.2 ± 0.8 cd 17.1 ± 0.4de 18.9 ± 0.4e 31.1 ± 1.4f

Neu 1 5.1 ± 1.1a 7.3 ± 0.5b 8.1 ± 0.8bc 10.0 ± 0.6c 9.2 ± 0.1bc 14.0 ± 0.5d 19.5 ± 1.2e

Neu 2 5.1 ± 1.1a 8.3 ± 0.3b 9.1 ± 0.4b 11.4 ± 0.3c 11.5 ± 0.1c 17.2 ± 0.6d 24.1 ± 0.7e

Neu 3 5.1 ± 1.1a 8.8 ± 0.1b 9.3 ± 0.6b 12.6 ± 0.3c 13.4 ± 0.7c 18.9 ± 0.2d 26.2 ± 0.5e

Pap 1 5.1 ± 1.1a 7.1 ± 0.0b 7.3 ± 0.0b 7.4 ± 0.1b 7.4 ± 0.0b 8.5 ± 0.3b 12.3 ± 0.2c

Pap 2 5.1 ± 1.1a 8.8 ± 0.0b 9.2 ± 0.1b 9.2 ± 0.0b 9.7 ± 0.2b 11.5 ± 0.7c 17.0 ± 0.1d

Pap 3 5.1 ± 1.1a 9.6 ± 0.0b 9.8 ± 0.1b 10.3 ± 0.0b 10.9 ± 0.2b 13.4 ± 0.5c 20.6 ± 0.1d

Fla 1 5.1 ± 1.1a 6.4 ± 0.4ab 6.7 ± 0.4ab 7.8 ± 0.1bc 7.6 ± 0.3bc 9.4 ± 0.7c 14.0 ± 1.0d

Fla 2 5.1 ± 1.1a 7.9 ± 0.3b 8.7 ± 0.5bc 10.2 ± 0.4c 12.2 ± 0.5c 15.7 ± 1.0e 19.3 ± 0.6f

Fla 3 5.1 ± 1.1a 9.7 ± 0.3b 11.0 ± 0.5b 13.7 ± 0.3c 16.4 ± 0.4d 19.2 ± 0.6e 24.1 ± 0.5f

OS 1 5.1 ± 1.1a 11.8 ± 1.2b 15.0 ± 0.3c 16.6 ± 0.2c 22.2 ± 0.3d 29.5 ± 0.6e 31.0 ± 1.9e

OS 2 5.1 ± 1.1a 10.4 ± 1.0b 12.2 ± 0.5b 15.1 ± 0.9c 18.2 ± 0.5d 23.3 ± 0.8e 28.5 ± 0.9f

OS 3 5.1 ± 1.1a 9.0 ± 0.1b 10.3 ± 0.1b 12.2 ± 0.1c 14.3 ± 0.1d 17.1 ± 1.1e 23.6 ± 0.2f

OS 4 5.1 ± 1.1a 13.1 ± 0.1b 15.9 ± 0.8c 19.2 ± 0.8d 24.0 ± 0.4e 30.5 ± 0.7f 38.7 ± 0.8 g

OS 5 5.1 ± 1.1a 12.1 ± 0.5b 15.2 ± 0.4c 18.9 ± 0.1d 23.2 ± 0.9e 29.4 ± 0.9f 38.6 ± 0.5 g

OS 6 5.1 ± 1.1a 7.8 ± 0.2b 8.6 ± 0.1bc 9.7 ± 0.2 cd 11.2 ± 0.5de 12.5 ± 0.1e 21.1 ± 0.5f

OS 7 5.1 ± 1.1a 5.1 ± 0.2ab 6.3 ± 0.6abc 6.8 ± 0.7bc 7.4 ± 0.4c 8.0 ± 0.2c 11.0 ± 0.9d

TS 1 5.1 ± 1.1a – 8.5 ± 0.3b 16.4 ± 0.3c 23.1 ± 0.7d 30.1 ± 0.6e 40.9 ± 0.9f

TS 2 5.1 ± 1.1a – 6.5 ± 0.1a 12.4 ± 0.4b 16.9 ± 0.5c 22.3 ± 0.4d 28.0 ± 1.0e

TS 3 5.1 ± 1.1a – 4.4 ± 0.1a 9.4 ± 0.2b 12.8 ± 0.5c 17.0 ± 0.7d 23.8 ± 0.4e

TS 4 5.1 ± 1.1a – 10.3 ± 0.2b 16.9 ± 0.4c 23.8 ± 0.2d 29.0 ± 0.6e 41.6 ± 0.7f

TS 5 5.1 ± 1.1a – 10.7 ± 0.4b 17.5 ± 0.2c 23.0 ± 0.2d 30.1 ± 1.2e 40.5 ± 0.8f

TS 6 5.1 ± 1.1a – 8.5 ± 0.5b 15.8 ± 0.7c 21.2 ± 0.4d 26.7 ± 0.7e 38.7 ± 1.0f

TS 7 5.1 ± 1.1a – 6.2 ± 0.4a 12.1 ± 0.4b 15.9 ± 0.8c 22.1 ± 0.5d 28.8 ± 0.4e
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30–60 min), which may be ascribed to different methods 
used for DH analysis. Spellman et al. [52] reported that 
DH values of whey protein determined by OPA method 
were around 15% lower than those determined via TNBS 
method, which was used by Hall et al. [33]. However, 
Nielsen et al. [38] approved the appropriateness of the 
OPA method as an accurate and fast method for the moni-
toring of enzymatic degradation without using toxic 
reagents.

Among the one-step (OS) hydrolyses (see Table 1), OS4 
and OS5 have reached the highest DH of about 39% after 
24 h, followed by OS1 and OS2 with values of 31 and 29%, 
respectively. These hydrolysates were produced with enzyme 
combinations containing Alcalase and/or Neutrase, which 
were already shown to be most effective when used indi-
vidually. Except for OS4, samples hydrolysed using Papain 
showed the lowest DH of only 11% (OS7), 21% (OS6) and 
24% (OS3). In comparison to the single enzyme hydrolysis, 
the combination of enzymes led to higher overall protein 
degradation due to the synergistic effect of exo- and endo-
proteases, which was similarly shown by Meinlschmidt et al. 
[29] for soy proteins.

Analogously to the one-step procedures, the two-step 
(TS) hydrolyses containing Alcalase and/or Neutrase 
resulted in highest DH up to 41.6% (TS4), 40.9% (TS1), 
40.5% (TS5) and 38.7% (TS6) after 24 h. The general extent 
of protein degradation after two-step treatment is higher in 
comparison to single enzymes and one-step procedures. The 
initial hydrolysation rate during pre-digestion (0–60 min) 
is considerably slower as evidenced by low DH values 
(Table 2). After the addition of the exoprotease Flavour-
zyme, degradation rate increased rapidly during the initial 
period (60–120 min) due to the higher availability of end 
peptide sites produced by endoprotease activity.

In addition, different thermal pre-treatments (60–80 °C, 
15–60 min) prior to single enzyme hydrolysis were applied 
in order to initiate partial protein unfolding and enhance 
susceptibility of the proteins to enzymatic proteolysis. The 
results are illustrated in Fig. 1. For all tested enzymes—
Alcalase, Neutrase and Flavourzyme (E/S 0.5%)—the pro-
tein degradation after each heat pre-treatment was lower in 
comparison to the non-heated control as demonstrated by 
lower DH. This leads to the assumption that all applied heat 
pre-treatments favoured thermal aggregation reactions and, 

Fig. 1  Degree of hydrolysis (%) of migratory locust protein (MLPF) hydrolysates obtained by enzymatic hydrolysis (enzyme–substrate ratio E/S: 
0.5%) of thermally pre-treated (60–80 °C, 15–60 min) and control samples. All values are means ± SD (n = 4)
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hence, impeded enzymatic cleavage of the locust proteins 
due to masking of previously exposed cleavage sites. In con-
trast, thermal pre-treatment of other proteins such as egg 
white (50–77 °C, 20 min), pea (100 °C, 30 min) and whey 
protein (80 °C, 15 min) were reported to enhance subsequent 
enzymatic hydrolysis by protein reorientation and exposure 
of previously hidden sites [53–55]. In contrast, heat pre-
treatment of lotus seed protein (> 60 °C, 75 min) led to an 
impaired enzymatic degradation comparable to the present 
findings, which was ascribed to thermal protein aggregation 
[56]. Those contrary observations may be explained by the 
different extent of thermal-induced protein denaturation or 
aggregation via disulphide bond formation.

Molecular weight distribution (SDS–PAGE)

The SDS-PAGE profiles of MLPC and selected hydro-
lysates thereof (Neu2, Fla2, OS2, and TS2) are displayed 
in Fig. 2. Several bands in the range of 10–75 kDa were 
observed for the unhydrolysed MLPC (tH = 0 min), includ-
ing a sharp characteristic band around 45 kDa and various 
bands between 25 and 37 kDa. As already indicated by the 
increase of the DH value over hydrolysis time (Table 1), 
different hydrolysis settings led to different proteolytic pat-
tern according to the SDS-PAGE profiles. As a general con-
sequence of the decomposition of high molecular weight 
bands, the intensity of the low molecular protein fragments 
from 10 to 15 kDa increased over the course of the different 
hydrolyses.

Single enzyme treatment with Neutrase (Neu2; E/S 0.5%) 
effectively degraded the high molecular weight bands (espe-
cially at 45 kDa) within the first 30 min and continuously 
lowered the intensity of the bands around 30 kDa within 
24 h. The SDS-PAGE profiles of the hydrolysates obtained 
by proteolysis with Flavourzyme (Fla2; E/S 0.5%) showed 
a considerable deviating pattern. The bands at 45 kDa and 
37 kDa were gradually decomposed and completely elimi-
nated only after 24 h. The slower decomposition of the pro-
teins by Flavourzyme was also demonstrated by the lower 
increase of the intensity of the predominant low molecu-
lar weight bands (10–15 kDa). Similar observations were 
reported by Meinlschmidt et al. [51] and attributed to the 
fact that Flavourzyme contains exoproteases, which cleave 
small peptides fragments at the end of proteins, hence lead-
ing to a slow, step-wise protein decomposition.

Hydrolytic cleavage with Papain (Pap1-3; SDS-PAGE 
profiles not shown) turned out to be very effective which 
was not expected considering the results of the DH analysis 
in comparison to the other enzymes used (Table 2). This 
divergence was similarly observed by Meinlschmidt et al. 
[51] and might be ascribed to the weak, unstable fluores-
cent product build by the reaction of o-phthaldialdehyde and 

cysteine residues released during enzymatic cleavage with 
Papain [57].

The combination of enzymes was shown to be very effec-
tive in hydrolysing MLPF. One-step (OS2) as well as two-
step treatment (TS2) effectively degraded the bands in the 
range of 45–75 kDa within the first 30 and 60 min, respec-
tively. Over the course of hydrolysis, also the bands around 
30 kDa were eliminated entirely resulting in hydrolysates 
with mainly low molecular protein fragments.

Techno‑functional properties

Protein solubility

The solubility of proteins is considered the most critical 
techno-functional characteristic since it decisively affects 
other functional properties such as emulsifying, foaming 
and gelation. The changes in protein solubility of selected 
hydrolysates (Neu2, Fla2, OS2, and TS2) depending on the 
pH (3–9) and hydrolysis time (tH = 30–120 min) in com-
parison to the unhydrolysed MLPF (control) are illustrated 
in Fig. 3. The particular hydrolytic setting and hydrolysis 
time was chosen for the techno-functional analyses in order 
to cover the range from low (DH = 7.9) to medium intensive 
hydrolysis (DH = 15.1) as similarly done by Chabanon et al. 
[30]. Protein solubility of the control ranged from 10 to 22% 
with its minimum and maximum at pH 5 and pH 9, respec-
tively. The isoelectric point (IP) was found to be located at 
pH 4 (data not shown). These results are in accordance with 
studies reporting considerable low solubility of insect pro-
tein flours derived from mealworm larvae (3–45%; pH 2–9), 
black soldier fly larvae (10–35%; pH 2–9), house cricket 
(12–23%, pH 3–9) and tropical banded cricket (5–25%; pH 
3–10), especially at weak acidic conditions [20, 23, 33]. In 
contrast, Azagoh et al. [22] observed higher protein solubil-
ity of flour from mealworm larvae between 40–76% from 
pH 2–10.

Except for the hydrolysis with Flavourzyme (Fla2), the 
protein solubility of hydrolysates was significantly increased 
with increasing tH at each applied pH level. Among the 
four tested hydrolytic settings, highest solubility of up to 
22% (Fla2), 33% (Neu2), 54% (OS2), and 55% (TS2) was 
achieved—consistently at pH 9 and tH = 120 min. The 
increase in solubility is generally attributed to the release 
of smaller peptide fragments associated with an increase 
in ionisable groups (amino/carboxyl), which interact with 
water molecules and enhance protein hydration [39]. Con-
sequently, the increase in protein solubility was lowest after 
hydrolysis with Flavourzyme but most pronounced for 
hydrolyses using enzyme combinations (OS2, TS2) due to 
the more efficient degradation of MLPF proteins and the 
generation of better soluble low molecular weight peptides 
(see Table 2; Fig. 2).
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Only a few studies have investigated the influence 
of enzymatic hydrolysis on solubility of insect protein. 
Hall et al. [33] reported an improved solubility of tropi-
cal banded cricket protein after hydrolysis with Alcalase 
(E/S = 0.5–3.0%; tH = 30–90 min; DH = 26–52%) to about 
30% at pH 3 and 92% at pH 10. Protein solubilities between 
93–98% in the pH range from 3 to 7 were shown for housefly 

larvae protein after two-step hydrolysis with Alcalase and 
Flavourzyme (E/S = 2%; tH = 13 h; DH = 60%) by Wang 
et al. [32]. Differences in the extent of solubility increase 
can be ascribed to the different insect species, pre-treatment, 
used enzyme(s), E/S ratio, tH, and DH [50].

Fig. 2  Protein degradation 
of migratory locust protein 
(MLPF) during enzymatic 
hydrolysis shown by SDS-
PAGE profiles. Exemplary 
results for the hydrolytic set-
tings Neu 2, Fla 2, OS 2, and 
TS 2 (see Table 1) are shown. 
Molecular weight of the protein 
marker bands (M) are indicated 
in kilodalton (kDa). Electro-
phoresis was carried out with 
4–20% polyacrylamide gradient 
gels
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Emulsifying and foaming properties

Changes in protein properties such as molecular weight, sur-
face activity, and hydrophobicity as a result of hydrolysis 
would modify specific surface characteristics of the proteins, 
and hence their techno-functional performance [58]. Table 3 
summarizes the results for the emulsifying activity (EA), 
foamability  (OR30s) and foam stability (FS) of hydrolysed 
and non-hydrolysed MLPF.

The untreated MLPF (control) revealed highest EA at pH 
9 (45%) but deteriorated emulsion properties under acidic 
and neutral conditions which might be attributed to the lower 
electrostatic repulsion of the protein-stabilised lipid drop-
lets near the IP [59]. Enzymatic hydrolysis with Neutrase 
(Neu2) could not achieve any improvement of the EA in the 
tested pH range, while treatments including exoproteases 
(Fla2, OS2, TS2) significantly enhanced the EA at pH 5 
and/or pH 7 to a maximum of 40% (pH 5) and 54% (pH 
7). The increased emulsifying activity may be due to the 
decomposition of large protein molecules and the increased 
surface hydrophobicity by the exposure of previously buried 

hydrophobic groups [60]. An increase in emulsifying capac-
ity was similarly found after comparable hydrolysis treat-
ments of tropical banded crickets [33]. However, some 
hydrolytic settings were also shown to reduce emulsifying 
properties due to excessive protein degradation which neg-
atively affects interfacial adsorptivity and molecular rear-
rangement at the surface [29, 33, 51].

The unhydrolysed control showed no ability to form foam 
at pH 3 but best initial foamability  (OR30s) of around 200% 
at pH 5. Single enzyme treatments have led to a significant 
improvement (p ≤ 0.05) of foamability at pH 3 up to 210% 
(Neu2; tH = 120 min) while  OR30s was considerably low-
ered at all other pH levels tested. Both combined enzymatic 
hydrolyses (OS2, TS2) similarly affected the foamability 
of the hydrolysates resulting in high overruns up to 326% 
under weak acidic conditions (pH 3–5) independent of the 
tH. Hall et al. [33] have also found improved foamability of 
banded cricket hydrolysates up to 155% (Alcalase; ES 0.5%, 
tH = 30 min) in comparison to the control (90%). Similar 
to phenomena influencing emulsifying properties of MLPF 
hydrolysates, conformational changes induced by enzymatic 

Fig. 3  Protein solubility index (PSI) of migratory locust protein flour 
(MLPF; control) and different hydrolysates depending on applied 
enzyme / enzyme combination, hydrolysis time (tH) and solvent pH. 

All values are means ± SD (n = 4). Different superscripts within one 
diagram indicate significant differences (p ≤ 0.05; one-way ANOVA, 
Bonferroni)
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cleavage led to the generation of small peptides and expo-
sure of surface-stabilising residues resulting in improved 
foamability due to rapid diffusion and stabilisation of the 
interfacial layer [50]. In analogy to the results of the single 
enzyme hydrolyses, the combination of enzymes resulted 
in deteriorated foamability of MLPF hydrolysates at neu-
tral and alkaline pH, which might be ascribed to the higher 
repulsive forces and lower elasticity of the interfacial layer 
at pH 7–9 in comparison to the isoelectric point around pH 
4 [61].

The results for the foam stability (FS) of MLPF and 
hydrolysates thereof are given in Table 3. Foam stability 
between 30–40% at pH 5 and pH 9 was observed for the 
untreated control while FS was not assignable (na) at pH 3 
and pH 7. Initial foam stability of untreated MLPF is consid-
erably low in comparison to conventional food proteins such 
as soy protein isolate (5% w/v) or rapeseed albumin solution 
(1.5% w/v) exhibiting an FS of 90% and 76% after 60 and 
30 min, respectively [30, 51]. Enzymatic hydrolysis resulted 
in a sharp increase of the foam stability at pH 7 (72%) and a 
limited improvement at pH 9 (82%). Deteriorated foam sta-
bility < 10% was observed at pH 3 throughout all enzymatic 
settings and at pH 5 after combined enzyme hydrolyses. 
The increase in foam stability of certain MLPF hydrolysates 
contrasts with findings of previous studies which reported 
diminished foam stability of soy protein, rapeseed protein, 
and cricket protein after enzymatic hydrolysis due to the 
decomposition of large protein molecules which are needed 

to enhance viscoelasticity of the air–water interface and sta-
bilize the foam [29, 30, 33, 51].

Water and oil binding capacity

The results for the water binding (WBC) and oil binding 
capacity (OBC) are summarised in Fig. 4 as a function of the 
hydrolytic setting and tH. The WBC of the different MLPF 
hydrolysates remained unchanged in comparison to the con-
trol at around 1.50  gH2O/gDM. This leads to the assumption 
that the protein network was still able to retain the bound 
water even after 120  min of proteolysis with different 
enzymes or enzyme combinations. In contrast, Meinlschmidt 
et al. [51] observed a decrease in WBC of soy protein isolate 
after hydrolysis with different enzymes (e.g. Flavourzyme 
and Alcalase) but an increase after proteolysis with Papain. 
The general extent of water binding was significantly higher 
in comparison to several flours and protein fractions of meal-
worm (0.8  gH2O/gDM) and black soldier fly larvae (0.7  gH2O/
gDM) as reported by Bußler et al. [20].

The OBC was significantly enhanced by the applied 
enzymatic treatments independent of the hydrolysis time 
(tH) ranging from 30 to 120 min. The initial OBC of the 
non-hydrolysed MLPF (1.10  gOil/gDM) was increased to a 
maximum of 1.54, 1.78, 1.83, and 2.33  gOil/gDM for Fla2, 
Neu2, OS2, and TS2, respectively, and can be ascribed to 
the exposure of hydrophobic residues initially buried in the 
core of the protein. Thereby, the individual increase in OBC 

Table 3  Techno-functional properties in terms of emulsifying activity (EA), foamability  (OR30s) and foam stability (FS) of MLPF (control) and 
MLPF hydrolysates depending on the pH value and the hydrolysis time

All values are means ± SD (n ≥ 3). Different superscripts within one techno-functional parameter and pH level indicate significant differences 
(p ≤ 0.05; one-way ANOVA, Bonferroni)
Samples exhibiting a FS < 10% were not assignable (na)
*For two-step hydrolysis (TS 2), the hydrolysis time (tH) started after 1 h of pre-digestion (see “Combined enzyme treatments”)
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reflects well the extent of protein degradation as shown by 
DH and SDS-PAGE pattern (see “Protein degradation”). 
Similar observations of enhanced oil binding properties 
were reported for globulin-based rapeseed isolate and soy 
protein isolate after enzymatic hydrolysis [30, 51]. The 
general degree of oil binding found for the hydrolysed and 
non-hydrolysed MLPF significantly surpasses the OBC of 
different flours and protein fractions of mealworm and black 
soldier fly larvae ranging between 0.4 and 0.9  gOil/gDM [20].

Conclusion

The aim of the present study was the investigation of differ-
ent enzymatic hydrolysis settings on the protein degradation 
kinetics and techno-functional properties of migratory locust 

proteins. The extent of enzymatic protein cleavage of MLPF 
was shown to be highly influenced by the hydrolysis param-
eters (enzyme(s) used, pre-treatment, E/S ratio, hydrolysis 
time) as evidenced by the course of the degree of hydrolysis 
(DH) and the SDS-PAGE profiles. In particular, combined 
enzyme treatments turned out to be very effective in MLPF 
hydrolysis while thermal pre-treatment prior to hydrolysis 
caused impaired proteolysis. Further, the results clearly dem-
onstrate that controlled enzymatic cleavage of migratory 
locust proteins in terms of selected enzyme(s), enzyme–sub-
strate ratio and hydrolysis time leads to hydrolysates with 
improved techno-functional properties and, hence, better 
industrial applicability as functional ingredients for com-
plex food systems. The solubility was successfully enhanced 
over a broad pH range (pH 3–9) covering the pH spectrum 
of common food items. Depending on the applied hydrolytic 
setting, significant improvement of emulsifying activity at 

Fig. 4  Water binding capacity 
(WBC) and oil binding capacity 
(OBC) of migratory locust pro-
tein flour (MLPF; control) and 
different hydrolysates depend-
ing on applied enzyme/enzyme 
combination and hydrolysis 
time (tH). All values are 
means ± SD (n = 4). Different 
superscripts within one diagram 
indicate significant differences 
(p ≤ 0.05; one-way ANOVA, 
Bonferroni)
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pH 5–7, foamability at pH 3–5 and oil binding capacity in 
comparison to the non-hydrolysed MLPF was achieved.

However, further research is needed to evaluate (1) the 
influence of enzymatic hydrolysis on sensory properties of 
the migratory locust hydrolysates, (2) the techno-functional 
properties depending on the ionic strength, and (3) the func-
tional performance in more complex food formulations. Fur-
thermore, alternative pre-treatments (e.g.: high hydrostatic 
pressure, high pressure homogenisation) should be inves-
tigated in order to facilitate subsequent enzymatic decom-
position by targeted unfolding of insect proteins. Besides 
the utilisation to improve techno-functionality, enzymatic 
degradation might be also a promising approach to reduce 
the allergenic potential of insect proteins and to generate 
hypoallergenic products by cleavage of specific epitopes 
which cause allergic reactions or cross-reactions.
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