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A B S T R A C T   

Locust protein hydrolysates (LoProHs) pre-processed with microwave and ultrasonication were developed and 
evaluated for their potential for enhancing the quality of the stored meat emulsion (MEmul). Locust protein 
(LoPro) samples pre-processed with ultrasonication (Ult) or microwave (Mic) or with no treatment (Not) were 
hydrolysed with alcalase enzyme (3%). The microwave pre-processed (Mic-LoProHs) and ultrasonicated (Ult- 
LoProHs) hydrolysates showed significantly (P < 0.05) higher antioxidant [FRAP (ferric reducing antioxidant 
power) and ABTS and DPPH radical scavenging activities] and antimicrobial [minimum inhibitory concentration 
(MIC) and inhibitory halos (mm)] potential. The MEmul samples incorporated with Mic-LoProHs and Ult- 
LoProHs at the maximum level of 1.5% exhibited significantly (P < 0.05) improved results for all the quality 
parameters such as antioxidant potential (FRAP, ABTS and DPPH), protein oxidation (total carbonyl content), 
lipid stability, and microbial quality during refrigerated storage (4 ± 1 ◦C) of two-weeks compared to the control 
MEmul without any LoProHs. A positive (P < 0.05) impact of the LoProHs was found on the sensory quality of 
MEmul samples after one week of storage. The digestion simulation improved (P < 0.05) the antioxidant po
tential of the MEmul samples.   

1. Introduction 

Climate change and other pressing environmental issues, such as 
pollution, environmental degradation, and resource depletion, have led 
to an impetus in the quest for sustainable protein sources both in the 
Western and Eastern worlds to feed the expanding human and livestock 
population in future [1]. Among the various viable options, protein 
production through insect farming seems highly attractive due to its 
association with a lower carbon footprint and environmental inputs 
(such as feed, water, and land) compared to the current livestock 
farming systems and its ability to produce cheap and high-quality pro
tein alternatives for human consumption [2,3]. 

While the consumption of insects is common in many cultures in 

Africa, Asia, and South America and >2000 different edible insects are 
already consumed in over 113 countries by more than two billion peo
ple, the industry is gaining access to new markets in many developed 
countries [4]. More and more insect protein-based food products or 
novelties are being introduced commercially in Western countries, such 
as spreads based on mealworms (Belgium), cricket protein-based air- 
puffed chips (the USA), and locust protein-based crackers (France), with 
success and social acceptance [5]. The edible insects market is predicted 
to boom in the near future and is estimated to grow at over 47% com
pound annual growth rate and reach from a global market size of 112 
million (US$) in 2019 to 710 billion in 2026 (US$) [6]. The main at
tractions for using insects as a food source are the ease of availability, 
high protein content and quality, low-calorie and fat concentration, and 
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their low cost of production, all these characteristics along with shifting 
trends in dietary needs are likely to increase the demand and stimulate 
market outlook [6]. 

Among the edible insects, locusts and crickets are more popular and 
commonly consumed as dietary ingredients and have a high social 
acceptance as food [7,8]. With a favourable nutritional profile, locusts 
are considered a healthy source of food and about 10 different species 
have a long history of consumption by humans and animals in about 65 
countries [7]. Rats consuming acute and sub-chronic levels of locust 
powder showed little to no signs of toxicity, indicating the safety of the 
protein as a dietary ingredient [9]. The locusts (Locusta migratoria) are a 
rich source of nutrients and contain high-quality protein (~51–71%, 
DWB) and fat (~11–35%) with a favourable ratio of omega-3: omega-6 
(~0.57) and high amounts of omega-3 fatty acids (~16%) and iron 
(~0.008–0.015%) [10,11,12]. However, the consumption of LoPro can 
induce allergenicity and cause harm to sensitive people [3,13]. Pre- 
treatment of insect proteins, such as thermal processing of LoPro or 
microwave processing of cricket proteins, has been reported to signifi
cantly reduce immunoreactivity by inducing protein conformational 
changes and affecting the native structure of the allergen and epitopes 
[14,15]. Enzymatic hydrolysis is another way of reducing the allerge
nicity of insect proteins with no reactivity observed after 65–80% hy
drolysis of cricket protein using alcalase enzyme [16]. Similar results 
have been reported for the hydrolysates of lesser mealworm and black 
soldier fly [17]. In addition to this positive effect, hydrolysis of insect 
proteins produces peptides with strong antioxidant and antimicrobial 
properties [3,15] making them a suitable candidate as a bio-preservative 
for animal foods, which are vulnerable to protein and lipid oxidation 
and microbial spoilage. Literature is silent about the use of locust protein 
hydrolysates (LoProHs) as a bio-preservative in foods. Therefore, this 
study was carried out with the objective to develop the LoProHs and 
evaluate the impact of pre-treatments (Mic and Ult) on the antimicrobial 
and antioxidant activities of the LoProHs. Another objective was to 
investigate the efficacy of the LoProHs as an additive in stored MEmul. 
MEmul samples incorporated with LoProHs were analysed for quality 
over 14 days of chilled storage. The impact of gastrointestinal digestion 
simulation was also investigated on the antioxidant activity of the 
MEmul samples. 

2. Material and methods 

2.1. Enzymes and raw materials 

Analytical-grade chemicals were supplied by standard firms such as 
Sigma-Aldrich (Bangalore, India). The HI-Media (Mumbai, India) sup
plied readymade media for microbiological analysis and enzymes for in 
vitro gastrointestinal digestion [pancreatin (≥6 USP U/mg, ≥75 USP U/ 
mg, and ≥75 USP U/mg for lipase, amylase, and protease activities, 
respectively and pepsin (1000 NF U/mg)]. The locust flour was pur
chased from the Thailand-based manufacturer JR Unique Foods Ltd. 
(Udon Thani, Thailand Unique Brand, Thailand) who farmed the locusts 
(L. migratoria) using grasses and vegetables and produced the flour 
within the factory that was HACCP (Hazard analysis and critical control 
points) accredited and approved by the FDA (The United States Food 
and Drug Administration). The flour was 100% locust powder and nat
ural (no added preservatives, artificial colours, and flavours) and con
tained 71% (DMB) crude protein. After harvesting and cleaning, the 
locusts were dried, powdered, and vacuum packaged. The alcalase 
enzyme was used for preparing the LoProHs (Sigma Aldrich, Billerica 
MA, USA, ≥2.4 AU/g, pH 7–9 and 35–60 ◦C for optimum activity). This 
enzyme is highly effective for chitinous materials, such as insects, and 
has been reported to produce hydrolysates with high antioxidant and 
antimicrobial potential [16,18,19]. 

2.2. Preparation of LoProHs 

Food-grade hexane was used for defatting the LoPro flour before its 
hydrolysis with alcalase enzyme. Studies have reported the use of hex
ane for the preparation of insect protein-based ingredients with superior 
techno-functional characteristics for food processing applications 
[16,19]. The method elaborated by Lone et al. [20] was employed by 
mixing the LoPro flour with n-hexane (1:5 ratio, w/v). The mix was 
stirred (30 min) and the oil was removed by centrifugation (2,000 rpm, 
7 min). This was followed by filtration using Whatman filter paper No. 1 
and the remained hexane was evaporated from the defatted flour during 
the overnight oven drying process at 70 ◦C. The defatted flour was 
vacuum packaged and stored (4 ± 1 ◦C) until used. 

The procedure elaborated by Lone et al. [20] was followed to 
hydrolyse the defatted LoPro flour (200 g) by homogenizing it in a do
mestic blender (high speed, 2 min) in two volumes of water (w/v) and 
pasteurising at 90 ◦C (15 min) in a water bath. The hydrolysis process 
was allowed for 90 min at 50 ◦C at a pre-adjusted pH (8.0) using 3% (w/ 
w) alcalase enzyme for maximal degree of hydrolysis. The reaction 
mixture was shaken during hydrolysis without any pH adjustment. The 
conditions followed during hydrolysis were decided on the available 
literature [16,19] and the preliminary trials conducted in the laboratory 
to produce the LoProHs with high bioactivity and excellent protein 
functionality. The enzyme activity was ceased by thermally treating the 
hydrolysed samples at 90 ◦C (15 min) followed by centrifugation (15 
min at 5000 rpm at 4 ◦C,) to collect the clear supernatants containing 
amino acids and soluble peptides. The supernatants were lyophilized 
and evaluated for antioxidant and antimicrobial properties [FRAP, 
ABTS, and DPPH, MIC (minimum inhibitory concentration), and 
inhibitory halos] and employed for the development of the MEmuls at a 
sensorially acceptable level of 1.5%. The freeze-dried (INNOVA Bio 
Meditech Inc., INOFD-12S: Freeze Dryer, USA) LoProHs were stored in 
polystyrene tubes (− 20 ◦C) until used. 

The antimicrobial and antioxidant activities of the LoProHs were 
improved using two different pre-treatments (ultrasonication and mi
crowave) and therefore, three different types of LoProHs were devel
oped. The LoProHs developed with no treatment (as described above) 
were designated as ‘Not-LoProHs’ whereas the LoProHs prepared by pre- 
processing the samples with microwave or ultrasonication before hy
drolysis were designated as Mic-LoProHs and Ult-LoProHs, respectively. 
The defatted LoPro samples were pre-processed in a microwave (IFB 
30L, IFB-30BRC2, India) for 10 min at 90 ◦C for the production of Mic- 
LoProHs [21] and the rest of the hydrolysis process was the same as that 
described for Not-LoProHs. The Ult-LoProHs were developed by pre- 
processing the defatted LoPro samples in a beaker placed in an ice 
bath with ultrasound (15 min, 20 kHz, 500 W, pulse duration of 2/2 s 
on/off) using a Cole-Parmer ultrasonic processor with a flat tip probe (U. 
S.A make, Model WW-04711-45). The temperature did not exceed 50 ◦C 
during the processing and the rest of the procedure was the same as that 
discussed for Not-LoProHs. The treatment settings used during ultra
sonication and microwave processing were selected on the findings of 
previous studies and the preliminary trials conducted in the laboratory 
focused to yield LoProHs with high antimicrobial and antioxidant 
activities. 

2.3. Preparation of mutton emulsion (MEmul) 

The lean meat obtained from thigh muscles (main muscles included 
Semitendinosus, Semimembranosus, Rectus femoris, Biceps femoris, Vastus 
medialis, Vastus lateralis, Pectinius, and Gracilis) of six carcasses (both 
sides, n = 6) from 3-year-old sheep was used and minced two times 
employing a 6 mm plate in an Italian make mincer (Sirman, Marsango). 
The curing ingredients [sodium tripolyphosphate (0.3% w/w), sodium 
nitrite (120 ppm), and NaCl (1.5% w/w)] were added to the minced 
meat (68.20%) and chopped in an Italian make chopper (Sirman, Mar
sango) for 1.5 min [22]. The next step involved the addition of ice flakes 
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(10% w/w, 1 min chopping) and refined soyabean oil (9% w/w, 1 min 
chopping). Finally, all other ingredients [condiment mixture (5% w/w), 
spice mixture (2% w/w), and refined wheat flour (4% w/w)] and 
LoProHs (replaced 1.5% meat in treated MEmuls) were added (2 min 
chopping) to obtain the MEmul/batter. The level of incorporation of the 
LoProHs (1.5%) was found sensorily during preliminary trials. Four 
different types of MEmuls were prepared viz. MEmul samples without 
the addition of LoProHs (control), MEmul samples containing Not- 
LoProHs (1.5%), MEmul samples with Mic-LoProHs (1.5%) and 
MEmul samples with Ult-LoProHs (1.5%). The MEmul samples were 
packaged in low-density polyethene bags separately and were kept 
under chilled conditions (4 ± 1 ◦C) for 14 days. The MEmul samples 
were examined for various quality characteristics (lipid and protein 
stability, microbiological and sensory quality, and physicochemical 
parameters) on days 0, 7, and 14. 

2.4. Gastrointestinal digestion of MEmul samples 

The in vitro method of digestion elaborated by [23] was followed to 
perform the gastrointestinal simulation using polyvinyl containers and 
magnetic multi-stirrer. The pepsic phase of digestion was performed for 
1 h using pepsin in HCl (0.1 M, pH 1.9 ± 0.1) whereas the intestinal 
phase was performed for 2 h using pancreatin [phosphate buffer (0.1 M), 
pH 8.0]. The substrate: enzyme ratio of 100: 1 w/w was used for both 
phases and the digesta were continuously stirred using magnetic fleas 
(37 ◦C). The digested samples were collected after completion of the 
digestion, the pH was adjusted to inactivate the enzymes and were 
centrifuged (4000g, 15 min) to separate the supernatants which were 
examined for FRAP and ABTS and DPPH scavenging activities. 

2.5. Physicochemical parameters, oxidative stability and antioxidant 
potential 

The antioxidant capacity of the LoProHs and the MEmul samples 
were assessed using DPPH and ABTS free radical scavenging and FRAP 
assays as elaborated by Kouser et al. [24]. The methods elaborated by 
[25] were employed for TBARS (mg MDA/kg) and free fatty acids (% 
oleic acid) whereas DNPH (dinitrophenylhydrazine) method by [24] 
was followed for determining total carbonyl content (nmol/mg protein) 
of the MEmul samples. The methods described by [26] and [27] were 
utilized for determining the pH and moisture content of the MEmul 
samples, respectively. 

2.6. Microbiological analysis 

The stored MEmul samples were examined for microbiological 
quality (log10 CFU/g) by enumerating total plate (total plate agar), 
psychrophilic (total plate agar), yeast/mould (potato dextrose agar) and 
coliform counts (violet-red bile agar) following pour plate technique as 
described by [28]. The antimicrobial activity of the LoProHs was 
assessed by the disc agar diffusion method (inhibitory halos, mm) and 
the minimum inhibitory concentration (MIC) against E. coli and S. aureus 
[24]. 

2.7. Sensory analysis 

The sensory analysis of the stored MEmul was performed by a trained 
panel comprised of five female and five male panellists (25–50 years old) 
[29]. The 8-point descriptive scale (1 anchored to ‘disliked extremely’ 
and 8 anchored to ‘liked extremely’) was used to evaluate the samples 
thrice (10 panellists × 03 replications for each treatment) for four sen
sory attributes (overall acceptability, texture, flavour, and colour and 
appearance). The training for sensory panellists included tests for four 
basic tastes and other routine sensory tests (such as descriptive and 
hedonic tests). The MEmul (30 g samples) was oven cooked (20 min at 
180 ◦C) and served at 40 ◦C as coded samples along with potable water. 

The study complied with ethical guidelines and regulations. 

2.8. Statistical analysis 

The data was collected for storage quality and other parameters 
while performing the experiments (six replications, n = 6, days 0, 7, and 
14) and examined by ANOVA (one-way or two-way) using version 21.0 
of SPSS. The significance between the pair of means was determined by 
DMRT (Duncan’s multiple range test, 0.05 significance level) and the 
results as means ± standard errors are presented in figures and tables. 

3. Results and discussion 

3.1. Antioxidant and physicochemical properties 

Figs. 1A and 2(A, B, C) present the data about the antioxidant po
tential (FRAP ABTS, and DPPH) of the LoProHs and MEmul samples 
during refrigerated storage. The LoProHs showed a strong capacity to 
scavenge ABTS and DPPH radicals and the capacity to reduce Fe3+ ions. 
The LoProHs processed with microwave (Mic-LoProHs) and ultra
sonication (Ult-LoProHs) exhibited higher (P < 0.05) values for FRAP, 
DPPH, and ABTS compared to the untreated samples (Not-LoProHs). The 
antioxidant potential of the LoProHs followed a significant order viz. 
Ult-LoProHs > Mic-LoProHs > Not-LoProHs and was reflected in the 
antioxidant potential of the MEmul. The MEmul samples enriched with 
Ult-LoProHs and Mic-LoProHs exhibited significantly (P < 0.05) higher 
means for the antioxidant parameters in comparison to the Not-LoProHs 
and MEmul without LoProHs throughout the 14 days of storage. The 
results for all the antioxidant parameters of the MEmul samples followed 
a significant (P < 0.05) order viz. Ult-LoProHs > Mic-LoProHs > Not- 
LoProHs > control. Our results indicated the strong antioxidant poten
tial of LoProHs and their addition significantly improved the antioxidant 
capacity of the stored MEmul. Research papers have reported a signifi
cant increase in the antioxidant properties of the insect proteins on 
hydrolysis with alcalase enzyme. For example, a recent study [30] re
ported a significant rise in the ORAC (oxygen radical absorbance ca
pacity) and ABTS values of alcalase hydrolysed cricket (G. sigillatus) 
protein compared to unhydrolyzed protein. Similarly, Hall et al. [16] 
reported a strong antioxidant potential (FRAP, ABTS and DPPH) of the 
hydrolysates produced from cricket protein with alcalase enzyme. The 
presence of the peptides and amino acids with antioxidant properties 
was suggested to be responsible for this radical scavenging and antiox
idant potential of the hydrolysates. 

Our results also indicated the effect of microwave and ultra
sonication as pre-processing to improve the antioxidant potential of the 
LoProHs. Both these technologies can induce protein conformational 
and microstructural alterations and modulate the hydrolysis of proteins 
by facilitating the ingress of the enzymes to the cleavage sites [31]. Both 
ultrasonication and microwave have been reported to enhance the 
antioxidant activities of insect proteins without affecting the protein 
quality, increasing their suitability for use as an ingredient for food 
applications. A recent study [15] recorded a significant increase in the 
degree of hydrolysis and the production of bioactive peptides from 
alcalase hydrolysed cricket protein pre-processed with the microwave. 
While the use of alcalase as a hydrolysing enzyme has been found to 
increase the production of antioxidant amino acids during the hydrolysis 
of silk moth [33], thermal pre-treatments (100 or 150 ◦C for 10 min) 
enhanced the antioxidant activity of three different InsecProHs 
including the LoProHs (S. gregaria) [34]. Recent papers have investi
gated the impact of ultrasonication on the antioxidant potential of insect 
proteins. For example, Kingwascharapong et al. [35] reported a signif
icant rise in the FRAP, ABTS, and DPPH values of LoPro pre-processed 
with ultrasound (10–30 min, 20 kHz, 750 W). Mintah et al. [36] re
ported a significant rise in the ABTS, FRAP, and superoxide scavenging 
activities of the hydrolysates prepared from ultrasonicated protein 
extracted from H. illucens (600 W, 40 kHz) and observed alterations in 
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the microstructure, protein secondary structure, and the particle size. 
No significant (P > 0.05) impact of the processing (ultrasonication 

and microwave) was recorded on the pH and yield of the LoProHs 
(Fig. 1A). Enrichment of the MEmul with LoProHs exhibited no signif
icant (P > 0.05) impact on the moisture content throughout the storage 

time (Days 0, 7, and 14) (Table 1). However, the pH of the MEmul 
enriched with LoProHs exhibited significantly (P < 0.05) lower values 
on days 7 and 14 in comparison to MEmul without LoProHs. The addi
tion of the LoProHs significantly reduced the oxidative changes and 
microbial spoilage of the stored MEmul and might have reduced the 

Fig. 1. Effect of pre-treatments on physicochemical, antioxidant (A) and antimicrobial (B) properties of the hydrolysates. Mean ± SE with different superscripts for 
each parameter differ significantly. n = 6 (for each treatment), n = 3 for MIC, TE = Trolox equivalents. One-way ANOVA was used at a 0.05 level of significance. T0 
= locust protein hydrolysates with no treatment. T1 = locust protein hydrolysates pre-treated with microwave. T2 = locust protein hydrolysates pre-treated with 
ultrasonication 

Fig. 2. Effect of hydrolysates (A, B, C) and in vitro gastrointestinal digestion (D) on the antioxidant potential of the meat emulsion. Mean ± SE with different su
perscripts differ significantly [alphabets (A, B, C, D) for each time point (day 0, 7 or 14/after or before digestion) and numerals (1, 2, 3) for each treatment (T0, T1, T2 
or control)]. n = 6 (for each treatment), TE = Trolox equivalents. Two-way ANOVA was used at a 0.05 level of significance. Control = emulsion samples without 
hydrolysates. T0 = emulsion samples with protein hydrolysates (1.5%) with no treatment. T1 = emulsion samples with protein hydrolysates (1.5%) pre-treated with 
the microwave. T2 = emulsion samples with protein hydrolysates (1.5%) pre-treated with ultrasonication. 
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production of breakdown compounds produced during the microbial 
spoilage and oxidative damage of the muscle proteins [37]. Enrichment 
of muscle foods with additives with a preservative potential, such as 
herbal extracts, has been documented to reduce the rate of spoilage 
during storage and a consequent increase in pH [37]. 

3.2. Lipid stability 

Enrichment of MEmul with LoProHs (1.5%) exhibited a significant 
positive impact on the lipid stability of stored MEmul (Table 1). The 
MEmul enriched with LoProHs exhibited a significant (P < 0.05) decline 
in TBARS and FFA values on days 7 and 14, displaying the efficacy of the 
LoProHs in retarding the rate of lipid oxidation and lipolytic changes in 
stored MEmul. The MEmul enriched with Mic-LoProHs and Ult-LoProHs 
exhibited significantly (P < 0.05) lower means and the results followed a 
significant order viz. Ult-LoProHs < Mic-LoProHs < Not-LoProHs <
control. Due to their high-fat content and unsaturated fatty acid profile, 
muscle foods are prone to oxidative and lipolytic changes and require 
measures to maintain acceptable quality during storage. Several workers 
have evaluated the application of food hydrolysates to control lipid 
oxidation in fat-rich foods such as fish meat emulsion. Li et al. [38] 
successfully used hydrolysates from zein protein to retard the oxidation 
of lipids and lipolytic changes in common carp protein emulsions during 
storage. 

The significantly higher antioxidant potential of the processed (Mic 

and Ult) LoProHs might be responsible for the higher lipid stability of 
the MEmul containing Mic-LoProHs and Ult-LoProHs during storage. 
Both these technologies (Mic and Ult) have been reported to improve the 
antioxidant potential of InsecProHs and insect proteins. Processing with 
ultrasound (600 W, 40 kHz) significantly improved the antioxidative 
properties of InsecProHs and isolates [36]. Combining ultrasound 
(10–30 min, 750 W, 20 kHz) with the extraction process of protein from 
Bombay locusts yielded a product with the highest electron-donating 
ability and radical scavenging properties [35]. The ultrasonication 
processing induced protein unfolding by altering the surface hydro
phobicity, changes which can accelerate the hydrolysis process and 
release of antioxidative peptides [32]. Similar to ultrasonication, the 
microwave pre-treatment of the cricket proteins has been recorded to 
catalyse the hydrolysis process, reduce the immunoreactivity of the 
hydrolysates, and enhance the production of peptides with higher bio
activities [15]. This positive effect was attributed to the microwave- 
induced conformation changes which led to protein unfolding and 
increased access of enzymes to hydrolytic sites on proteins. 

3.3. Protein oxidation 

Enrichment with LoProHs (1.5%) exhibited a significant (P < 0.05) 
positive impact on protein oxidation (total carbonyl content) of stored 
MEmul (Table 1). The MEmul enriched with LoProHs exhibited a sig
nificant (P < 0.05) decline in total carbonyl content (nmol/mg protein) 
on days 7 and 14, displaying the efficacy of the LoProHs in retarding the 
rate of protein oxidation in stored MEmul. The MEmul enriched with 
Mic-LoProHs and Ult-LoProHs exhibited significantly (P < 0.05) lower 
means and the results followed a significant order viz. Ult-LoProHs <
Mic-LoProHs < Not-LoProHs < control. Oxidation of proteins in muscle 
foods during storage leads to an increase in their carbonyl content [39]. 
The capacity of the processed LoProHs to scavenge the free radicals and 
reduce metal ions necessary to inhibit oxidation might be ascribed to the 
significant decline in the carbonyl content of the MEmul samples con
taining Mic-LoProHs and Ult-LoProHs [40]. Previous works have 
examined the efficacy of food protein hydrolysates as bio-preservatives 
to inhibit the oxidation of proteins in muscle foods. While Mukherjee 
and Haque [41] used casein protein hydrolysates to reduce protein 
oxidation in catfish fillet/beef steak during storage, Li et al. [42] and 
Jónsdóttir et al. [43] successfully used whey protein hydrolysates and 
cod protein hydrolysates/peptides to retard the lipid and protein 
oxidation in common carp surimi and minced cod, respectively. 

3.4. Microbiological characteristics 

A significant positive impact of the processing (Mic and Ult) was 
recorded on the antimicrobial properties (MIC and Inhibitory halos) of 
the LoProHs and the processed LoProHs viz. Ult-LoProHs and Mic- 
LoProHs exhibited significantly (P < 0.05) lower MIC values (mg/ml) 
against the examined microbes (E. coli and S. aureus) (Fig. 1B). The 
values of 100, 95, and 95 mg/ml were observed to inhibit the growth of 
E. coli for Not-LoProHs, Mic-LoProHs, and Ult-LoProHs whereas 40, 35, 
and 30 mg/ml were found to inhibit the growth of S. aureus, respec
tively. A similar trend was found for inhibitory halos and the pre- 
processed LoProHs viz. Ult-LoProHs and Mic-LoProHs exhibited signif
icantly (P < 0.05) large-sized halos against both the examined microbes 
compared to Not-LoProHs. Both these parameters (MIC and inhibitory 
halos) indicated the antimicrobial activity of the LoProHs and their 
suitability as a food bio-preservative. A limited number of published 
papers have evaluated the antimicrobial activities of insect proteins and 
InsecProHs which needs scientific attention. Park et al. [44] studied the 
efficacy of the hydrolysates and the ethanol-extracted fraction of fly 
maggots (M. domestica) and found a minimum concentration of 60–40 
µg/ml against various S. aureus strains. 

Enrichment with LoProHs significantly (P < 0.05) enhanced the 
microbiological quality of stored MEmul (Table 2). The MEmul enriched 

Table 1 
Effect of locust protein hydrolysates (LoProHs) on lipid stability, protein 
oxidation and physicochemical properties of meat emulsion (MEmul).  

Treatment Storage period (days) 

0 7 14 

pH 
Control 6.21 ± 0.03Aa 6.46 ± 0.01Ab 6.64 ± 0.03Ac 

Not 6.23 ± 0.05Aa 6.32 ± 0.02Bb 6.41 ± 0.05Bc 

Mic 6.25 ± 0.04Aa 6.30 ± 0.01Bb 6.39 ± 0.07Bc 

Ult 6.26 ± 0.05Aa 6.28 ± 0.01Bb 6.37 ± 0.04Bc  

Moisture (%) 
Control 63.21 ± 0.32Aa 62.81 ± 0.33Aa 61.21 ± 0.34Ab 

Not 63.18 ± 0.33Aa 62.88 ± 0.38Aa 61.26 ± 0.47Ab 

Mic 63.16 ± 0.34Aa 62.94 ± 0.30Aa 61.29 ± 0.30Ab 

Ult 63.14 ± 0.44Aa 62.96 ± 0.37Aa 61.31 ± 0.46Ab  

TBARS [mg malondialdehyde (MDA)/kg] 
Control 0.39 ± 0.06Aa 0.68 ± 0.01Ab 0.92 ± 0.01Ac 

Not 0.38 ± 0.04Aa 0.61 ± 0.01Bb 0.84 ± 0.01Bc 

Mic 0.37 ± 0.06Aa 0.52 ± 0.01Cb 0.71 ± 0.01Cc 

Ult 0.37 ± 0.06Aa 0.46 ± 0.01Db 0.65 ± 0.01Dc   

FFA (% oleic acid)  
Control 0.097 ± 0.004Aa 0.156 ± 0.003Ab 0.226 ± 0.008Ac 

Not 0.096 ± 0.003Aa 0.142 ± 0.002Bb 0.205 ± 0.006Bc 

Mic 0.094 ± 0.006Aa 0.131 ± 0.004Cb 0.193 ± 0.004Cc 

Ult 0.093 ± 0.004Aa 0.120 ± 0.005Db 0.181 ± 0.007Dc  

Total carbonyl content (nmol/mg protein) 
Control 1.09 ± 0.03Aa 1.89 ± 0.02Ab 2.18 ± 0.02Ac 

Not 1.08 ± 0.03Aa 1.70 ± 0.02Bb 1.99 ± 0.02Bc 

Mic 1.07 ± 0.04Aa 1.59 ± 0.02Cb 1.83 ± 0.02Cc 

Ult 1.07 ± 0.03Aa 1.46 ± 0.01Db 1.27 ± 0.05Dc 

Mean ± SE with different superscripts in a row (lower case alphabet) and col
umn (upper case alphabet) differ significantly (P < 0.05). 
Two-way ANOVA was used at a 0.05 level of significance. 
n = 6 for each treatment. 
Control = MEmul samples without hydrolysates. 
Not = MEmul samples with LoProHs (1.5%) with no treatment. 
Mic = MEmul samples with LoProHs (1.5%) pre-treated with microwave. 
Ult = MEmul samples with LoProHs (1.5%) pre-treated with ultrasonication. 
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with LoProHs exhibited a significant (P < 0.05) decline in total plate 
counts on days 7 and 14 and the lowest (P < 0.05) counts were recorded 
for the MEmul enriched with Ult-LoProHs followed by Mic-LoProHs and 
Not-LoProHs. While psychrophiles, coliforms, and yeast/moulds 
appeared on day 14, the counts exhibited a similar pattern viz. Ult- 
LoProHs < Mic-LoProHs < Not-LoProHs < control. This favourable 
impact of the LoProHs on microbial quality during storage might be 
attributed to the antimicrobial peptides present in the LoProHs. A large 
number of published papers have employed alcalase to hydrolyse food 
proteins to yield peptides and soluble hydrolysates with antimicrobial 
properties [45]. The peptides with antimicrobial activity are typically 
small in size (<10 kDa, ≤50 amino residues) and operate through varied 
mechanisms and can disrupt the microbial cell membranes through 
electrostatic interactions or act through iron chelating activity [40]. 
While a large number of antimicrobial peptides occur naturally in the 
humoral immune system of insects with broad-spectrum activities, 
InsecProHs, such as LoProHs (L. migratoria), have been reported to 
contain high levels of small peptides and hydrophobic amino acids [30]. 

3.5. Effect of digestion simulation on the antioxidant potential of MEmul 

The gastrointestinal simulation was performed to evaluate the 
impact of digestion on the antioxidant activity of stored MEmul which 
can have a favourable impact on consumer health [30]. The digestion 
process exhibited a favourable impact on the antioxidant activity of the 
MEmul and a significant (P < 0.05) hike was recorded in the values of 
FRAP, DPPH, and ABTS for all MEmul samples digested using pepsin and 
pancreatin (Fig. 2D). The presence of the LoProHs also exhibited a 
favourable impact and the digested MEmul samples enriched with 
LoProHs exhibited significantly (P < 0.05) higher means for DPPH, 

ABTS, and FRAP in comparison to the MEmul without LoProHs. The 
strong radical scavenging ability of the LoProHs processed with Ult or 
Mic (Ult-LoProHs and Mic-LoProHs) also exhibited an effect and 
significantly (P < 0.05) higher means were observed for MEmul con
taining Ult-LoProHs and Mic-LoProHs followed by Not-LoProHs and 
control. The LoPro (L. migratoria) is susceptible to hydrolysis by diges
tive proteases, such as trypsin and chymotrypsin, released in the intes
tine and produce peptides and hydrophobic amino acids responsible for 
the antioxidant activity of the LoProHs. However, LoPro is mostly 
resistant to gastric pepsin due to a high level of branched-chain amino 
acids [9]. The published research has documented an increase in the 
antioxidant activity of InsecProHs after digestion simulation. The 
digestion of Mexican grasshopper (S. purpurascens) protein produced 
hydrolysates with a wide range of antioxidant peptides and hydrophobic 
amino acids ascribed to their high antioxidant potential measured in 
terms of ABTS and DPPH radical scavenging activities [46]. The cricket 
protein hydrolysates produced using alcalase enzyme showed a signifi
cant hike in FRAP, DPPH, and ABTS activities after digestion simulation 
due to further hydrolysis and production of hydrophobic peptides and 
amino acids [30,16]. Intake of InsecProHs and peptides with high 
radical scavenging and ion-reducing ability can show a favourable 
impact on consumer health and have been reported to increase the 
lifespan of a stress-induced nematode (C. elegans) [30]. 

3.6. Sensory analysis 

Enrichment with LoProHs (1.5%) exhibited a significant (P < 0.05) 
positive impact on the sensory quality of stored MEmul (Table 1). The 
MEmul enriched with LoProHs exhibited significant (P < 0.05) higher 
scores for overall acceptability, texture, flavour, and colour and 
appearance on day 7 (Fig. 3). The MEmul enriched with Mic-LoProHs 
and Ult-LoProHs exhibited significantly (P < 0.05) higher scores for 
all sensory attributes (except juiciness) and the results followed a sig
nificant order viz. Ult-LoProHs > Mic-LoProHs > Not-LoProHs > con
trol. The MEmuls were not assessed for sensory attributes (except colour 
and appearance) on day 14 due to the presence of coliforms. No effect (P 
> 0.05) of the LoProHs was observed on all sensory attributes on day 
0 and juiciness throughout the storage time. The positive effect of the 
LoProHs on MEmul’s sensorial quality might be ascribed to their pre
servative potential which helped to retard oxidative and microbial 
changes during storage as indicated by several parameters discussed 
above. The oxidation and microbial spoilage cause the degradation of 
lipids and proteins and produce off-flavour compounds, fatty acids and 
metabolites. In a recent study, Althwab et al. [47] reported high overall 
acceptability for bread samples containing up to 4% locust 
(L. migratoria) flour. 

4. Conclusions 

The present study revealed a method for the production of LoProHs 
with antioxidant and antimicrobial activities using alcalase enzyme. 
Processing of the LoPro with Mic or Ult significantly enhanced the 
preservative potential of the LoProHs as indicated by the results of 
inhibitory halos, minimum inhibitory concentration, FRAP, ABTS, and 
DPPH. The efficacy of the LoProHs was evaluated for their suitability as 
a bio-preservative in the MEmul. Enrichment of the MEmul with 
LoProHs (1.5%) successfully enhanced its storage quality. The LoProHs, 
especially Ult-LoProHs or Mic-LoProHs, exhibited a significant positive 
impact on the results of lipid and protein oxidation and the microbio
logical and sensory quality of MEmul during two weeks of storage. The 
antioxidant potential of the MEmul containing the LoProHs was signif
icantly improved after gastrointestinal digestion simulation. Overall, it 
can be concluded that LoProHs have a preservative potential and can be 
used for enhancing the storage stability and nutritive value of fat and 
protein-rich food products. The influence of cooking on the preservative 
potential of LoProHs is unclear and future studies should investigate the 

Table 2 
Effect of locust protein hydrolysates (LoProHs) on the microbiological quality of 
meat emulsion (MEmul).  

Treatments Storage period (days) 

0 7 14 

Total plate count (log10 CFU/g) 
Control 1.53 ± 0.04Aa 2.52 ± 0.02Ab 3.68 ± 0.02Ac 

Not 1.51 ± 0.05Aa 2.32 ± 0.02Bb 3.54 ± 0.01Bc 

Mic 1.49 ± 0.05Aa 2.22 ± 0.02Cb 3.41 ± 0.01Cc 

Ult 1.48 ± 0.04Aa 2.06 ± 0.02Db 3.28 ± 0.01Dc  

Psychrophilic count (log10 CFU/g) 
Control ND ND 0.98 ± 0.01A 

Not ND ND 0.87 ± 0.01B 

Mic ND ND 0.69 ± 0.01C 

Ult ND ND 0.44 ± 0.01D  

Coliform count (log10 CFU/g) 
Control ND ND 1.18 ± 0.05A 

Not ND ND 1.03 ± 0.01B 

Mic ND ND 0.89 ± 0.01C 

Ult ND ND 0.71 ± 0.01D  

Yeast and mould count (log10 CFU/g) 
Control ND ND 1.98 ± 0.04A 

Not ND ND 1.83 ± 0.01B 

Mic ND ND 1.70 ± 0.01C 

Ult ND ND 1.58 ± 0.03D 

Mean ± SE with different superscripts in a row (lower case alphabet) and col
umn (upper case alphabet) differ significantly (P < 0.05). 
Two-way ANOVA was used at a 0.05 level of significance. 
n = 6 for each treatment. 
ND = Not detected (Detection limit < 10 cfu/g). 
Control = MEmul samples without hydrolysates. 
Not = MEmul samples with LoProHs (1.5%) with no treatment. 
Mic = MEmul samples with LoProHs (1.5%) pre-treated with microwave. 
Ult = MEmul samples with LoProHs (1.5%) pre-treated with ultrasonication. 
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efficacy of LoProHs in other food models to promote food sustainability 
and enhance food security. 
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