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Abstract
European eel proteins hydrolysates (EPHs) were produced from A. anguilla muscle protein and protein isolate using Pura-
fect®, goby crude proteases and B. invictae proteases. EPHs had high protein contents and displayed diverse molecular mass 
distributions. Muscle protein hydrolysates (MPHs) and protein isolate hydrolysates (PIHs) obtained both by Purafect® had 
the highest antibacterial activity. PIHs obtained by B. invictae proteases had the highest emulsifying stability. MPHs and 
PIHs obtained by goby proteases and PIHs obtained by B. invictae proteases had higher chelating effects. MPHs obtained 
by B. invictae proteases and PIHs obtained by Purafect® had the highest ability to prevent bleaching of β-carotene at 4 mg/
ml (96.68% and 93.66% respectively). The maltodextrin-muscle protein hydrolysates dispersions were totally stable by the 
creaming index and the zeta potential values (−36.73 and −42.53 mV) compared to the maltodextrin-protein isolate hydro-
lysates dispersions and had the best electrosprayability approving the best ability to form microcapsules.
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Practical Applications

European eel protein hydrolysates (EPHs) were produced 
from muscle (MPH) and protein isolate (PIH) by means of 
the enzymatic hydrolysis. Various sources of crude proteases 
was used such as Purafect, bacterial proteases and goby fish 
viscera proteases. Result revealed that MPH-P and PIH-P 
exhibited higher techno-functional properties and biological 
activities such as antioxidant and antibacterial activities. In 
order to ensure the stability of eel protein hydrolysates, when 
incorporating in food or pharmaceutic products, the micro-
encapsulation of protein hydrolysates via maltodextrin was 

investigated. The microstructure revealed the higher homo-
geneity and the small particle size of the MPHs microcap-
sules, explained by the higher stability and homogeneity of 
maltodextrin-MPHs dispersions. This study encourages the 
production of the microcapsules of eel protein hydrolysates 
as a safe and ecofriendly biomaterials and the evaluation of 
their biological potential in-vitro and in-vivo.

Introduction

Fishing industry by-products are discarded after industrial 
processing without attempting regaining for economical 
and/or environmental improvement (Lajmi et al. 2019). 
However, these fish materials could be a potential source 
of bioactive compounds that can be extracted and used to 
replace other synthetic ingredients (Taghvaei et al. 2014). 
Among these compounds, proteins are used in various food 
preparations due to their great importance. Generally, fish 
protein hydrolysates (FPH) are small fragments of peptides 
that contain 2–20 amino acids showing various biologi-
cal bioactivities (Martínez-Alvarez et al. 2016) includ-
ing antioxidant (Sripokar et al. 2019), anti-hypertensive 
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(Lassoued et  al. 2015), anti-inflammative (Ahn et  al. 
2015) and anti-ACE (Lajmi et al. 2019) activities. Never-
theless, bioactive peptides could present some disadvan-
tages such as chemical instability, bitter taste and a high 
hygroscopicity under the influence of temperature, light 
and oxygen. The bioavailability and stability of peptides 
are rarely studied as major concerns despite strong evi-
dence that in-vitro bioactivity is not always available for 
animal models and human subjects (Mohan et al. 2015). 
To protect and improve the stability of these compounds, 
organoleptic properties, shelf life, and especially biologi-
cal activities of peptides, different encapsulation strategies 
have been developed, such as the film hydration technique, 
spray drying or coacervation (Mohan et al. 2015) and elec-
trohydrodynamic processes (Wen et al. 2017). This latter 
technique has been recently used as a promising method 
to protect bioactive substances. The main advantage of 
this method is the absence of heating step, which allows 
the protection of bioactive compounds against thermal 
degradation and improving their encapsulation efficiency 
(Wen et al. 2017; Lim et al. 2019). In electrohydrody-
namic processing, jets from the polymeric/biopolymeric 
solutions are electrically charged by electrostatic forces, 
causing the whipping of these jets and, subsequent sol-
vent evaporation during the flight between the ejector and 
collector, generating dry ultrathin structures. The process 
is called electrospinning when ultrathin continuous fibers 
are produced, while when non-continue structures (or cap-
sules) are obtained, the process is called ‘electrospraying’ 
(Pérez-Masiá et al. 2014). This process remains attractive 
for industrial implementation and it can be of interest in a 
broad variety of applications such as textile, tissue engi-
neering, drug delivery and encapsulation (Lim et al. 2019). 
The obtained microfibers and microparticles are versatile 
for the encapsulation of bioactive compounds (e.g., micro-
nutrients, nutraceuticals, probiotics). This novel method 
has been used in the food sector and constitutes a good 
alternative for protecting bioactive compounds against 
environmental stress factors such as oxygen, light, tem-
peratures, etc. (Desai and Park 2005). Natural macromol-
ecules, such as proteins, polysaccharides, and lipids, are 
used as carrier systems for food peptide encapsulation 
(Mohan et al. 2015). One of the most important carrier 
agents using as coating material to protect various heat-
sensitive compounds is maltodextrin (Jafari et al. 2008). 
Complex formation between maltodextrin and proteins is 
influenced by several parameters such as protein/malto-
dextrin ratio, pH, ionic strength, total polymer concentra-
tion, molecular weight. Some other parameters such as 
agitation, pressure or temperature have also been shown to 
influence the complex formation. These parameters have 
been reported in detail for various protein-polysaccharide 
pairs (Schmitt and Turgeon 2011).

Therefore, the aims of this study were to produce novel 
European eel protein hydrolysates from muscle and protein 
isolate, to evaluate their biological activities (antioxidant 
and antibacterial activities) and techno-functional proper-
ties (emulsifying, foaming, water and oil binding capacities). 
Additionally, protein hydrolysates with bioactive properties 
have been electrosprayed using maltodextrin as coating 
material.

Materials and Methods

Materials

European eel (A. anguilla) and goby (Zosterissessor ophio-
cephalus) fishes were purchased from the fish market of Sfax 
city, Tunisia. Muscle of A. anguilla was separated, rinsed 
three times with distilled water to remove salts and other 
contaminants and stored at −20 °C, until it used for protein 
hydrolysates production; while viscera of goby fish were 
used for alkaline proteases extraction.

Endogenous viscera proteases from goby were prepared 
as described by Nasri et al. (2013). The production of pro-
teases from the B. invictae AH1 was carried according the 
protocol described by Hammami et al. (2016). In order to 
measure the protease activity, the method of Kembhavi et al. 
(1993) using casein as a substrate, was used.

The maltodextrin (MD) is used for the preparation 
of MD-protein hydrolysate dispersion. Xanthan gum 
and Span-20, used as an emulsifying agents, were supplied 
by Sigma-Aldrich.

Preparation of A. anguilla Protein Isolate 
and European Eel Protein Hydrolysates

The protein isolate was extracted from European eel muscle 
by pH-shift processing according to the method of Taktak 
et al. (2018). The fish muscle was minced (1:9; w/v) with 
cold water (4 °C), followed by pH adjustment to 11.5 using 
2 N NaOH solution. The homogenate was centrifuged at 
9500 g for 20 min at 4 °C. Three layers were obtained: i: the 
upper layer was neutral lipid; ii: the middle layer was solu-
ble proteins; iii: the bottom layer was insoluble materials. 
The soluble proteins were then precipitated at their nominal 
isoelectric point (pH 5.5) using 2 N HCl and centrifuged 
(9500 g for 20 min). Finally, the obtained pellet was resus-
pended in distilled water, followed by pH adjustment to 7.0 
using 2 N NaOH solution. European eel protein isolate (EPI) 
was freeze-dried using freeze-dryer lab (Modulyo D Freeze 
dryer-230, Thermo Fisher Scientific, USA) at a temperature 
of −50 °C and a pressure of about 121 mbar.

To prepare European eel protein isolate hydrolysates 
(EPHs), freeze dried European eel protein isolate (EPI), at 
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a concentration of 4% (w/v), was resuspended in distilled 
water and homogenized at 20,000 g for 1 min using Ultra-
turrax T18 model homogenizer (IKA, Germany), followed 
by pH adjustment to the optimum values for each enzyme. 
For the preparation of hydrolysates from A. anguilla fresh 
muscle (MPHs), 100 g of fillet were mixed with 200 ml 
distilled water by KENWOOD blender BL440. After the 
preparation of protein mixtures, the pH and the tempera-
ture of solutions were adjusted to the optimum values for 
each enzyme: Purafect® (pH 10.0, 50 °C), crude proteases 
extracted from goby visceral (pH 9.0, 45 °C) and proteases 
prepared from B. invictae AH1 (pH  10.0, 50  °C). The 
enzymes were added at the same enzyme/substrate-ratio of 
6:1 (unit of enzyme/mg of protein) to compare hydrolytic 
efficiencies. During the reaction, the pH of the mixture was 
maintained constant at the desired value by continuous addi-
tion of 4 N NaOH solution. After incubation for 500 min, the 
reactions were stopped by heating the solutions for 20 min 
at 90 °C to inactivate enzymes. Then, EPHs were recov-
ered from the supernatant after centrifugation at 9500 g 
for 20 min and freeze-dried. Protein hydrolysates obtained 
from fresh muscle of European eel using Purafect®, goby 
crude proteases and B. invictae proteases were noted as 
MPH-P, MPH-G MPH-A, respectively; while hydrolysates 
produced from European eel protein isolate with the same 
proteases were named protein isolate hydrolysates, PIH-P, 
PIH-G and PIH-A, respectively. Undigested muscle and pro-
tein isolate were prepared at the same conditions, without 
proteases addition, and were noted as UN-MP and UN-PI, 
respectively.

Hydrolysis Degree (HD)

The hydrolysis degree (HD) defined, in the substrate stud-
ied, as the percent ratio of peptide bonds cleaved to the 
total number of peptide bonds, was determined from the 
amount of base (NaOH) added in order to keep the pH con-
stant through the hydrolysis as described by the method of 
Adler-Nissen (1986).

Physicochemical Characterization

Chemical Analysis

The moisture and ash contents were governed according to 
the AOAC standard methods 930.15 and 942.05, respec-
tively. Total nitrogen content of samples was determined 
using the Kjeldahl method following the AOAC method 
number 984.13(AOAC 2000). Crude protein was estimated 
by multiplying total nitrogen content by the factor of 6.25. 
Fat content was conducted gravimetrically after Soxhlet 
extraction of freeze-dried samples with hexane for 2 h using 

Nahita Model 655, Navarra. All measurements were per-
formed in triplicate.

Reverse Phase-High Performance Liquid Chromatography 
(RP-HPLC) Analysis

The hydrophobicity of peptides from EPHs was determined 
using RP-HPLC; LC-10, Shimadzu, Kyoto, Japan. Each 
hydrolysate (20 mg/ml) was filtered at 0.45 μm and was 
injected into C18 Eurosphère-100 column (250 mm × 8 mm). 
The column was equilibrated with solvent A (1 ml/l trif-
luoroacetic acid in ultrapure water) and peptides were eluted 
with a linear increase in solvent B (1 ml/l trifluoroacetic acid 
in acetonitrile) from 0% at 0 min to 40% at 60 min. The flow 
rate was 1 ml/min. The elution was monitored at 215 nm 
using a UV–Visible spectrophotometer (Cecil CE 2021, Lab 
Equip Instruments Ltd., Ontario, Canada).

Characterization of Hydrolysates by Size Exclusion 
Chromatography

The molecular weight (MW) distribution of EPHs and the 
undigested proteins was carried out by size-exclusion HPLC 
on Biobasic SEC-120 column (Thermo Fisher, LC1260, 
USA) with UV detection at 215 nm eluted at 0.35 ml/min 
with 0.5 M phosphate buffer (pH 7.0). All samples were 
loaded to the column at a concentration of 40 mg/ml, which 
was previously calibrated with bovine serum albumin 
(66 kDa), egg albumin (44 kDa), cytochrome C (12 kDa) 
and insulin (5.8 kDa).

Determination of Functional Properties

Solubility of undigested proteins and their hydrolysates was 
investigated over a wide range of pH values from pH 2.0 to 
pH 10.0 as described by Tsumura et al. (2005).

The emulsifying activity index (EAI) and emulsify-
ing stability index (ESI) of the intact proteins, MPHs and 
PIHs are carried out according to the method of Pearce 
and Kinsella (1978). The microscopic observation of each 
emulsion (20 μl) was carried out after 24 h using a CX31-
12C04 microscope (Motic 2048 × 1536 pixels, Olympus Co., 
Tokyo, Japan). The emulsion images were captured by a 
charge-coupled device camera (Olympus Co., Tokyo, Japan) 
connected to the microscope.

Foam expansion (FE) and foam stability (FS) of undi-
gested proteins and their hydrolysates were conducted refer-
ring to the method of Shahidi et al. (1995).

Water binding capacity (WBC) was measured referring 
to Mac-Connel et al. (1974) and the Oil binding capacity 
(OBC) was carried out according to Lin et al. (1974).
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Determination of Antioxidant Activities

The DPPH free radical-scavenging activity of UN-MP, 
UN-PI and their hydrolysates was determined as described 
by Bersuder et al. (1998). A volume of 500 ul of each 
sample at different concentrations (1–6 mg/ml) was added 
to 375 ul of 99.5% ethanol and 125 ul of 0.02% DPPH 
in 99.5% ethanol. The mixtures were then kept at room 
temperature in the dark for 60 min, and the reduction of 
DPPH radical was measured at 517 nm using a UV–Vis-
ible spectrophotometer (T70, UV/VIS spectrometer, PG 
Instruments Ltd., China). The control was conducted in the 
same manner, except that distilled water was used instead 
of sample. The DPPH radical scavenging activity was cal-
culated as follows:

where Ac is the absorbance of the control reaction and As 
is the absorbance of the samples. DPPH has an absorption 
at 517 nm which disappear upon reduction by an antiradi-
cal compound. Lower absorbance of the reaction mixture 
indicated higher DPPH radical-scavenging activity. BHA 
was used as positive control. The test was carried out in 
triplicate.

The ability of intact proteins and EPHs to reduce iron 
(III) was determined resorting to the method of Yildirim 
et al. (2001). An aliquot of 1 ml sample of each hydro-
lysate at different concentrations (1–5 mg/ml) was mixed 
with 2.5 ml of 0.2 M phosphate buffer (pH 6.6) and 2.5 ml 
of 1% (w/v) potassium ferricyanide solution. The reaction 
mixtures were incubated for 30 min at 50 °C. After incuba-
tion, 2.5 ml of 10% (w/v) TCA was added and the reaction 
mixtures were then centrifuged at 10,000 × g for 10 min. 
Finally, 2.5 ml of the supernatant solution from each sam-
ple mixture was mixed with 2.5 ml of distilled water and 
0.5 ml of 0.1% (w/v) ferric chloride. After a 10 min reac-
tion time, the absorbance of the resulting solutions was 
measured at 700 nm. Increased absorbance of the reaction 
mixture indicated increased reducing power. The control 
was conducted in the same manner, except that distilled 
water was used instead of sample. Values presented are the 
mean of triplicate analyses.

The ability of EPHs and undigested proteins to pre-
vent bleaching of β-carotene was assessed as described 
by Koleva et al. (2002). A stock solution of β-carotene/
linoleic acid was prepared by dissolving 0.5  mg of 
β-carotene, 25 μl of linoleic acid and 200 μl of Tween 40 
in 1 ml of chloroform. The chloroform was completely 
evaporated under vacuum in a rotatory evaporator at 
40 °C; then 100 ml of distilled water were added and the 

Scavenging activity (%) =
(Ac–As)

Ac
× 100

resulting mixture was vigorously stirred. The emulsion 
obtained was freshly prepared before each experiment. 
Aliquots (2.5 ml) of the β-carotene/linoleic acid emulsion 
were transferred to test tubes containing 0.5 ml of samples 
at different concentrations. Following incubation for 2 h 
at 50 °C, the absorbance of each sample was measured at 
470 nm. BHA was used as a positive standard. The con-
trol tube contained no sample. Tests were carried out in 
triplicate. The antioxidant activity was evaluated in terms 
of bleaching of β-carotene using the following formula:

where  A0 and A′0 are the absorbances of the test sample 
and the control, respectively, measured at time zero; and  At 
and A′t are the absorbances of the sample and the control, 
respectively, measured after incubation for 120 min. Values 
presented are the mean of triplicate analyses.

The chelating activity of samples towards ferrous ion 
 (Fe2+) was made referring to the method of Decker and 
Welch (1990). Briefly, 100 µl of each sample, prepared 
at different concentrations, were added to 50 µl of 2 mM 
 FeCl2 and 450 µl of water. The mixtures were incubated 
at room temperature for 3 min and the reaction was initi-
ated by the addition of 200 µl of 5 mM of ferrozine solu-
tion. The mixtures were then vigorously shaken and left 
to stand at room temperature for 10 min. Control tubes 
were prepared by the same manner, substituting the sam-
ple with water. The absorbance of solutions was meas-
ured at 562 nm. EDTA was used as reference. Chelating 
activity (%) was then calculated as the following equation. 
Where ODC, ODB and ODS represent the absorbances 
of the control, the blank and the sample reaction tubes, 
respectively. 

Determination of Antibacterial Activity

Microbial Strains

Antibacterial activities of EPHs were tested against four 
Gram-positive bacteria: Staphylococcus aureus (ATCC 
6538), Micrococcus luteus (LB 14110), Micrococcus 
luteus (BRM7) (Ben Salem et al. 2011) and Listeria mono-
cytogenes (ATCC 19117) and four Gram-negative bacte-
ria: Escherichia coli (ATCC 8739), Salmonella enterica 
(ATCC 14028), Pseudomonas aeruginosa (ATCC 49189) 
and Enterobacter sp.

AA (%) =

[

1 −
(A0–At)
(

A�0–A�t
)

]

× 100

Chelating activity (%) = [(ODC + ODB − ODS)∕ODC] × 100,
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Agar Diffusion Method

The antibacterial activity assay was achieved according to 
the method illustrated by Berghe and Vlieinck (1991). The 
protein hydrolysates were dissolved in distilled water at a 
concentration of 100 mg/ml. Culture suspension (200 μl) 
of the tested microorganisms (106 colony-forming units 
(cfu)/ml of bacteria cells estimated by absorbance at 
600 nm) were spread on Muller–Hinton agar. Then, eight 
bores (3 mm depth, 4 mm diameter) were made using a 
sterile borer and were loaded with 100 μl of the sample at 
100 mg/ml. The Petri dishes were kept, first for 1 h at 4 °C, 
and then incubated for 24 h at 37 °C. Antimicrobial activ-
ity was evaluated by measuring the diameter of the growth 
inhibition zones in millimeters (including well diameter of 
4 mm). Antimicrobial activity was estimated by determin-
ing the zone of growth inhibition (diameter expressed in 
millimeters) around the wells.

Investigation of Protein Hydrolysates Encapsulation 
Through Electrospraying Process

The maltodextrin dispersion was prepared by dissolving 
10, 20 and 40% (w/v) of the polymer in water to evaluate 
its electrosprayability. Then, 1% (w/w) of Xanthan gum 
(XG) and/or 5% (w/w) of surfactant (Span 20) was added 
to maltodextrin dispersion when needed. The best condi-
tion has been used to encapsulate European eel protein 
hydrolysates (EPH). In fact, the EPH (30% w/w of malto-
dextrin respecting the total solid mass) was dispersed in 
maltodextrin MD solution (40% w/v) previously dissolved 
in water. Subsequently, different homogenization condi-
tions were used, homogenization with Ultraturrax (2 min 
and 5 min) and/or homogenization with ultrasonication 
2 min. The microcapsules production of protein hydro-
lysates encapsulated using maltodextrin were processed 
using a homemade electrospraying apparatus, equipped 
with a variable high-voltage power supply. The solu-
tions were introduced in a 10  mL plastic syringe and 
were pumped through a stainless-steel needle (14.43 mm 
of inner diameter). The needle was connected through a 
PTFE wire to the syringe, which was placed on a digitally 
controlled syringe pump. Processed samples were col-
lected on a stainless-steel plate connected to the cathode of 
the power supply and placed facing the syringe in a hori-
zontal configuration, fixed at an optimal distance of 10 cm. 
To determine the best conditions for production uniforms 
microcapsules, the EPH-MD solutions (30% of MD, w/w) 
were tested at different voltages (10, 12, 15 and 18 kV) and 
flow rates (0.04, 0.1, 0.15, 0.5 mL/h). SEM analysis using 
a Hitachi microscope (Hitachi S 4800) was used to assess 
the microcapsules morphological appearances regarding 

different conditions after coating with the gold-palladium 
mixture.

Statistical Analysis

Statistical analysis was performed with SPSS ver.17.0, pro-
fessional edition. Comparison of variance was carried out 
using one-way analysis of variance (ANOVA) followed up 
by Duncan’s Multiple Range tests for the determination of 
statistically different groups. Differences were considered 
significant at p < 0.05. All tests were carried out in triplicate.

Results and Discussion

Characterizations of European Eel Protein 
Hydrolysates

Chemical Composition and HD of EPI

Actually, dietary fish proteins offer an interest source of bio-
active peptides, which are commonly produced by enzymatic 
process. The nature of the enzyme and protein matrix signifi-
cantly affect the biological activity of protein hydrolysates 
(Van der Ven et al. 2002). Therefore, six protein hydrolysates 
were prepared from European eel muscle (MPH) and protein 
isolate (EPI) by various proteases: Purafect®, crude enzyme 
preparations from B. invectea, and goby viscera proteases. 
The level of European eel protein hydrolysis by proteolytic 
proteases was assessed by determining the HD (Table 1). 
Regarding protein hydrolysates prepared from Anguilla 
muscle (MPH), the highest HD was obtained with goby 
proteases (18.15%), followed by Purafect (16.4%) and B. 
invectea (15.37%). For the proteolysis from EPI, the HDs 
were 22.79% (PIH-P), 20.33% (PIH-A) and 19.09% (PIH-G). 
Thus, all the hydrolysates prepared from protein isolate had 
the highest HD compared to that from muscle. Additionally, 
goby visceral proteases are most efficient for muscle protein 
hydrolysates and Purafect proteases are most efficient for 
protein isolate hydrolysates preparation.

Furthermore, the chemical composition analysis, illus-
trated in Table 1, revealed that the undigested protein isolate 
(UN-PI) presented higher protein content (94.33%) com-
pared to the undigested muscle protein (UN-MP) (78.29%) 
(Table 1). A similar trend was reported by Pires et al. (2015) 
who found that protein solubilization of hake by-products at 
pH 11.0 before hydrolysis brought about a high reduction 
(90%) of lipid content. The lipid level of the UN-PI (3.41%) 
was significantly lower than that of the UN-MP (15%) 
(p < 0.05). Moreover MPH had the highest level of lipid 
compared to EPH which is attributed to the high amount of 
lipid in the initial raw materials.
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After enzymatic hydrolysis, the obtained dried EPHs had 
a high protein contents ranging from 75.84 to 84.67%. This 
is in accordance with the previous study of Geirsdottir et al. 
(2010) who found that hydrolysates obtained from blue whit-
ing protein isolate which is previously extracted by an alka-
line solubilization method, exhibited a protein content in the 
range of 73.7–85.3%. Furthermore, the higher level of ash as 
in the protein hydrolysates compared to the undigested pro-
tein is probably due to the NaOH addition during hydrolysis 
in order to keep the pH constant (Nasri et al. 2013).

RP-HPLC Profiles

RP-HPLC separates protein hydrolysates into several pep-
tide peaks based on their hydrophobic/hydrophilic character. 
The RP-HPLC elution profiles of EPHs are shown in Fig. 1. 
The order of appearance of hydrophobic and hydrophilic 
residues influences the peptide elution profiles (Mahmoud 
et al. 1992). Several peaks were detected, demonstrating 
the heterogeneous composition of European protein hydro-
lysates after proteolysis, and the chromatograms are divided 
into three zones. Zone 1 consisted of hydrophilic peptides. 
Zone 2 contained low hydrophobic peptides and zone 3 
comprised high hydrophobic peptides. RP-HPLC revealed 
that protein hydrolysates from muscle MPH-P followed by 
MPH-G showed the highest content of hydrophilic peptides 
compared to the hydrolysates produced from protein isolate 
generating the most hydrophobic peptides (PIH-P and PIH-
G). Furthermore, muscle protein hydrolysates produced with 
goby proteases (MPH-G) had a higher content of low hydro-
phobic peptides followed by the protein isolate hydrolysates 
(PIH-G) produced by the same proteases. Besides, protein 
isolate and muscle protein hydrolysates using B. invictae 

AH1 proteases (PIH-A and MPH-A) had the lowest con-
tent of hydrophilic peptides and the highest hydrophobic-
ity. These findings could be related to the highest fatty acid 
composition of MPH-A (12.35%) and PIH-A (9%) prepared. 
Besides, the lower hydrophilic content of MPH-A using B. 
invictae AH1 could be correlated to the lower HD (15.37%) 
(Lassoued et al. 2015). The hydrophobic/hydrophilic ratio of 
peptides could be related to the protease’s specificity.

Molecular Weight Distribution

The various proteases applied to A. anguilla muscle proteins 
and its protein isolate displayed different spectra of sub-
strate specificity leading to produce several type of protein 
hydrolysates containing peptides with different functional 
and antioxidant properties and molecular weights (MW) 
distributions. The peptide size distribution of the EPHs was 
carried out using the HPLC-SEC analysis. The SEC profiles 
and the relative percent of the MW peptides divided into 6 
fractions are shown in Table 1.

The gel permeation HPLC spectra revealed highly hetero-
geneity of peptide length and intensities of several hydro-
lysates depending on the enzyme and initial protein matrices 
used. In addition, the MW profiles of undigested European 
eel proteins revealed a major fraction of high molecular 
weight (HMW) peptides eluted from 7 to 10 min, while 
UN-MP spectra showed clearly four peaks eluted tardily 
from 15 to 20 min (Data not shown).

The MW distribution of peptides (Table 1) shows that the 
proteolysis of A. anguilla muscle proteins reduced (p < 0.05) 
the intensity of peptides with HMW (>10 kDa) from 70.69% 
(undigested muscle) to 17.18%, 16.93% and 12.93% for pro-
teins digested using Purafect, Goby and B. invectea AH1 

Table 1  Chemical composition and hydrolysis degree (HD) and molecular weight distributions determined by gel permeation HPLC of undi-
gested A. anguilla proteins and their hydrolysates

Mean ± SD from duplicate determination; *: based on dry weight of freeze-dried matter. (a–f)Different superscripts indicate significant differ-
ences in the same line (p < 0.05). UN-MP and UN-PI represent undigested muscle and protein isolate prepared at the same conditions without 
proteases addition respectively. EPHs: European eel protein hydrolysates. MPH-P MPH-G and MPH-A: protein hydrolysates obtained from A. 
anguilla muscle by Purafect®, goby proteases and B. invictae proteases respectively. PIH-P, PIH-G and PIH-A: protein hydrolysates produced 
from protein isolate with the same proteases respectively

UN-PI UN-MP MPH-P PIH-P MPH-G PIH-G MPH-A PIH-A

Protein (%) 94.33 ± 0.49a 78.29 ± 0.59c 80.60 ± 1.10 cd 84.67 ± 0.54b 81.54 ± 0.37c 79.78 ± 0.93d 75.84 ± 0.83e 80.53 ± 0.23d

Fat (%) 3.41 ± 0.14e 15.00 ± 1.06a 5.16 ± 0.61d 2.71 ± 0.52e 8.51 ± 0.93c 5.53 ± 0.74d 12.35 ± 0.14b 9.07 ± 0.04c

Ash (%) 2.16 ± 0.08d 6.76 ± 0.42c 14.26 ± 0.14a 10.91 ± 0.33b 10.70 ± 0.93b 13.70 ± 0.68a 10.48 ± 1.06b 10.52 ± 0.49b

HD (%) 3.96 ± 0.25e 1.61 ± 0.10f 16.40 ± 0.80d 22.79 ± 0.11a 18.15 ± 0.57c 19.09 ± 0.69bc 15.37 ± 0.36d 20.33 ± 0.61b

Molecular weight distributions (kDa)
 > 10 kDa 67.88 70.69 17.18 5.75 16.93 33.32 12.93 9.02
 10–3 kDa 18.63 4.46 29.40 24.63 18.30 20.78 25.37 25.35
 3–1 kDa 3.94 2.92 24.68 21.76 9.53 7.12 17.65 21.32
 1–0.5 kDa 8.28 13.24 16.04 13.39 24.37 16.68 22.5 12.55
 <0.5 kDa 1.27 8.69 12.69 34.47 30.79 21.21 21.55 31.76
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proteases respectively. Furthermore, among hydrolysates 
obtained from fish mince, the highest levels of peptides 
below 500 kDa were obtained with MPH-G (30.79%) fol-
lowed by MPH-A (21.55%) and MPH-P (12.69%).

On the other side, results show that the hydrolysis 
of European eel protein isolate by Purafect consider-
ably reduced (p < 0.05) the percentage of HMW peptides 
(>10 kDa) to 5.75%, followed by B. invectea AH1 proteases 
(9.02%), while the decrease of HMW percentage was less 
accentuated with fish goby proteases (33.32%). For the lower 
molecular mass ranges (<0.5 kDa), PIH-P had higher per-
centage (34.47%) of LMW peptides fraction, followed by 
PIH-A (31.76%) and PIH-G (21.21%).

Thus, for muscle protein hydrolysates, the highest level 
of peptides with low molecular weight (<0.5 kDa) was 
obtained by MPH-G (30.79%). However, for protein isolate 

hydrolysates, this highest level (<0.5 kDa) was attained for 
PIH-P (34.47%) followed by PIH-A (31.76%).

Determination of Functional Properties

Solubility

The investigation of solubility at different pH values is 
required to understand functional properties of proteins 
(Kristinsson and Rasco 2000). The solubility of UN-PI, 
UN-MP and their hydrolysates, at different pH values, 
showed that enzymatic hydrolysis improved the solubility 
of proteins (Fig. 2a). The increase of solubility of protein 
hydrolysates compared to that of the intact proteins could 
be related to the decrease of molecular weight and the 
increase of hydrophilic/hydrophobic ratio (Adler-Nissen 
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Fig. 1  RP-HPLC profiles of European eel protein hydrolysates 
(EPHs). Results were showed as absorbance at 215  nm as function 
of the elution time (min). UN-MP and UN-PI represent undigested 
muscle and protein isolate prepared at the same conditions without 
proteases addition respectively. EPHs: European eel protein hydro-

lysates. MPH-P MPH-G and MPH-A: protein hydrolysates obtained 
from A. anguilla muscle by Purafect®, goby proteases and B. invictae 
proteases respectively. PIH-P, PIH-G and PIH-A: protein hydrolysates 
produced from protein isolate with the same proteases respectively
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Fig. 2  a Solubility profiles 
of UN-PI, UN-AM and their 
hydrolysates as a function of pH 
values (2–10), at a concentra-
tion of 2%. b Stability of emul-
sion prepared with 0.5% of 
undigested UN-AM, UN-PI and 
EPHs sample after incubation 
for 24 h by the optical micros-
copy. c Oil binding capacities 
(%) of UN-PI, UN-AM and their 
EPHs. d Water binding capaci-
ties (%) of UN-PI, UN-AM and 
their EPHs. UN-MP and UN-PI 
represent undigested muscle 
and protein isolate prepared at 
the same conditions without 
proteases addition respec-
tively. EPHs: European eel 
protein hydrolysates. MPH-P 
MPH-G and MPH-A: protein 
hydrolysates obtained from A. 
anguilla muscle by Purafect®, 
goby proteases and B. invictae 
proteases respectively. PIH-P, 
PIH-G and PIH-A: protein 
hydrolysates produced from 
protein isolate with the same 
proteases respectively
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1986). In addition, the solubility of all hydrolysates 
decreased at pH 5.0, reaching 53.6–60.4% for PIH-A and 
PIH-P, respectively, and increased gradually below and 
above this value. Furthermore, EPHs had better solubility 
in acidic and alkaline pH values (100% for MPH-P, MPH-
A, PIH-P and PIH-A at pH 10.0) than the undigested pro-
teins (p < 0.05), except for UN-PI which had a similar 
solubility to its hydrolysates at pHs range from 8.0 to 
10.0. Besides, MPH-P and PIH-P had the highest solubil-
ity reaching 100% at pH 9.0 and pH 10.0. It’s important 
to note that the solubility of PIH was higher than MPH 
at alkaline and acid conditions which could be explained 
by the difference in the physicochemical composition and 
the RP-HPLC profiles.

Emulsifying Properties

The emulsifying properties are proportional to the solubil-
ity of the proteins and peptides. Samples with high solubil-
ity can diffuse and bind to the interface (Klompong et al. 
(2007). In this context, the emulsifying activity index (EAI) 
and emulsifying stability index (ESI) of all samples, pre-
pared at different concentrations (0.5%, 1% and 2%; w/v), 
were determined at pH 10.0. Results, illustrated in Table 2, 
show that UN-MP exhibited the highest EAI (79 m2 g−1) 
followed by UN-PI (48.55 m2 g−1), at all concentrations. 
Besides, the  EAIt0 of UN-MP and UN-PI decreased with 
increasing concentration from 0.5 to 2%. The decrease of 
protein–protein interactions at the interface of droplet oil 
could be explained by the aggregation or the precipitation 
of proteins at high concentrations. In addition, the  EAIt10 
and  EAIt30 of undigested proteins and their hydrolysates 

Table 2  Emulsifying capacity 
 (m2 g−1) of undigested proteins 
and their hydrolysates EPHs

Mean SD from duplicate determination; *: based on dry weight of freeze-dried matter. (a–h)Different super-
scripts indicate significant differences between samples in the same column in terms of the same concen-
tration (p < 0.05). Emulsifying activity (EAI), Emulsifying stability (ESI) and Cc is the concentration of 
the sample. UN-MP and UN-PI represent undigested muscle and protein isolate prepared at the same con-
ditions without proteases addition respectively. EPHs: European eel protein hydrolysates. MPH-P MPH-G 
and MPH-A: protein hydrolysates obtained from A. anguilla muscle by Purafect®, goby proteases and B. 
invictae proteases respectively. PIH-P, PIH-G and PIH-A: protein hydrolysates produced from protein iso-
late with the same proteases respectively

Samples Cc (%) EAI t 0min EAI t 10min EAI t 30min ESI t 10min ESI t 30min

UN-AM 0,5 79,02 ± 1,16a 25,61 ± 0,33c 17,35 ± 0,22c 32,42 ± 0,89c 21,96 ± 0,60d

1 43,48 ± 0,07a 29,30 ± 0,22a 19,79 ± 0,02b 67,39 ± 0,39d 45,53 ± 0,12c

2 28,27 ± 0,19a 22,18 ± 0,03a 20,35 ± 0,05a 78,46 ± 0,43d 71,99 ± 0,32c

UN-PI 0,5 48,55 ± 0,06b 31,51 ± 0,27b 22,94 ± 0,21b 64,92 ± 0,64b 47,26 ± 0,38b

1 29,76 ± 0,48b 22,06 ± 0,05c 13,45 ± 0,24d 74,13 ± 1,05c 45,23 ± 1,55c

2 19,24 ± 0,04b 18,63 ± 0,11b 14,65 ± 0,61b 96,84 ± 0,36ab 76,17 ± 3,02c

MPH-P 0,5 11,45 ± 0,99d 2,79 ± 0,14e 0,55 ± 0,07e 24,49 ± 3,34d 4,83 ± 1,03f

1 16,69 ± 0,26e 14,55 ± 0,19e 13,51 ± 0,19d 86,21 ± 1,15b 80,93 ± 2,44a

2 15,36 ± 0,06c 14,19 ± 0,07c 13,81 ± 0,19c 92,42 ± 0,09c 89,91 ± 1,62ab

PIH-P 0,5 48,33 ± 2,78b 41,53 ± 0,99a 39,96 ± 0,18a 86,02 ± 2,91a 79,46 ± 0,35a

1 23,34 ± 0,26d 20,45 ± 0,51d 18,19 ± 1,07c 87,64 ± 3,18b 78,55 ± 4,64a

2 8,60 ± 0,36g 4,01 ± 0,07h 2,88 ± 0,04f 46,66 ± 1,14e 33,57 ± 1,92d

MPH-G 0,5 0,97 ± 0,07e 0,00 ± 0,00f 0,00 ± 0,00f 0,00 ± 0,00e 0,00 ± 0,00g

1 3,79 ± 0,07g 3,53 ± 0,07h 1,02 ± 0,04g 93,24 ± 0,13a 27,02 ± 0,44d

2 9,63 ± 0,23f 9,06 ± 0,14g 8,44 ± 0,18e 94,09 ± 0,71bc 87,71 ± 0,18ab

PIH-G 0,5 11,92 ± 0,43d 10,64 ± 0,22d 2,89 ± 0,18e 89,36 ± 5,08a 24,24 ± 0,63c

1 27,51 ± 0,11c 25,37 ± 0,35b 22,97 ± 0,18a 92,22 ± 1,64a 83,49 ± 1,00a

2 14,88 ± 0,06d 13,82 ± 0,05d 12,77 ± 0,04d 92,94 ± 0,71c 85,83 ± 0,12b

MPH-A 0,5 40,28 ± 1,20c 25,25 ± 0,49c 5,90 ± 0,11d 62,72 ± 3,09b 14,65 ± 0,17e

1 13,43 ± 0,72f 8,69 ± 0,28g 6,16 ± 0,12f 64,73 ± 1,38d 45,92 ± 1,55c

2 13,26 ± 0,10e 12,67 ± 0,12f 11,31 ± 0,62e 95,55 ± 1,63bc 84,83 ± 4,69b

PIH-A 0,5 11,88 ± 0,81d 2,49 ± 0,14e 0,00 ± 0,00f 20,97 ± 0,24d 0,00 ± 0,00g

1 12,93 ± 0,69f 11,50 ± 0,14f 9,16 ± 0,77e 85,71 ± 1,05b 68,27 ± 5,77b

2 13,41 ± 0,32e 13,24 ± 0,08e 12,36 ± 0,05d 98,77 ± 2,94a 92,17 ± 1,80a
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decreased with concentrations increased, except for PIH-A 
(p < 0.05).

Among protein isolate hydrolysates, PIH-P had the high-
est emulsifying capacity of 48.33 m2g−1 at 0.5% which could 
be related to its highest levels of LMW peptides fraction 
(<0.5 kDa) reaching 34.47%. This is in line with previous 
works of Taheri et al. (2013) who found that molecular size 
stands for one of the factors which contribute to the emulsi-
fying activity of protein hydrolysates.

Concerning the evaluation of emulsion stability, results 
show that, with the increase of sample concentration, the 
 ESIt10 min increased significantly for undigested protein and 
their hydrolysates. In fact, the emulsifying stability of UN-PI 
(96.84%) was higher than UN-MP (78.46%) at a 2% concen-
tration. This finding agreed with previous studies of Galla 
et al. (2012), Tanuja et al. (2012) and Betty et al. (2014) who 
found that increased amounts of larger molecular weight 
peptides contribute to the emulsion stability. Protein hydro-
lysates had a higher emulsifying stability by increasing 
the concentration from 0.5 to 2% reaching the maximum 
 ESIt10min (98.77%) for PIH-A followed by MPH-A (95.55%), 
MPH-G (94%) and PIH-G (92%). This interesting ESI could 
be related to the high of hydrophobic peptide content able to 
stabilize protein emulsion. This finding is in agreement with 
previous studies, which  reported that hydrophobic peptides 
conducted more stable emulsion (Chi et al. 2014; Li et al. 
2013; Taheri et al. 2013).

The droplet shape analysis was carried out 24 h after 
emulsification by the  optical microscopy  observation 
of  emulsion prepared at 0.5% of sample concentration. 
Results, shown in Fig. 2b, revealed that the smallest droplet 
size was obtained in the presence of protein hydrolysates.

Foaming Properties

Foam capacity (FC) and stability (FS) of UN-MP, UN-PI 
and EPHs, at various concentrations (0.5%, 1% and 2%; w/v) 
and at pH 10.0, are presented in Table 3. The FC of EPH 
was dose-dependent. In fact, Sanchez and Patino (2005) 
revealed that an increase in protein concentration resulted 
in a higher rate of diffusion of foam properties. Among undi-
gested proteins, UN-PI exhibited a high foaming capacity 
reaching 105% at 0.5% concentration while UN-MP showed 
the maximum of FC (127%) at a concentration of 2%. The 
evaluation of undigested proteins and their hydrolysates 
revealed that UN-PI had the highest FS after 30 min at a 
concentration of 2% (56.25%). This result is related to their 
high content on protein and HMW peptide (67.88% of pep-
tides with HMW >10 KDa). Several researchers reported 
that the high foaming stability are directly related to the high 
molecular size, cohesiveness and elasticity (Li et al. 2013; 
Betty et al. 2014; Chi et al. 2014). Likewise, Nalinanon et al. 

(2011) reported that low molecular weight peptides (~1 kDa) 
could not maintain well-ordered orientation of the molecule 
at the interface.

Among protein hydrolysates, those obtained by Pura-
fect had the highest FC (157.5% and 151.5% for MPH-P 
and PIH-P respectively), followed by PIH-G (70.75%). 
Furthermore, the same hydrolysates are stable after 
10 min (52%). This finding could be related to its higher 
content on hydrophilic peptides, compared to the other 
hydrolysates, as the foaming property is governed by the 
interface water/air adsorption of protein, and thereby 
hydrophilicity is crucial to assure the penetration and 

Table 3  Foaming capacity FC (%) and Foaming stability FS (%) of 
undigested proteins and EPHs treated with Purafect®, crude alkaline 
proteases from fish goby and B. Invictae AH1 

(a–c) Different letters in the same line mean significant differences 
between hydrolysates in term of time (p < 0.05). (A–C)Different capi-
tal letters in the same column mean significant differences at differ-
ent concentration (p < 0.05). UN-MP and UN-PI represent undigested 
muscle and protein isolate prepared at the same conditions without 
proteases addition respectively. EPHs: European eel protein hydro-
lysates. MPH-P MPH-G and MPH-A: protein hydrolysates obtained 
from A. anguilla muscle by Purafect®, goby proteases and B. invictae 
proteases respectively. PIH-P, PIH-G and PIH-A: protein hydrolysates 
produced from protein isolate with the same proteases respectively

Samples Cc (%) FP (%) FS t 10 min (%) FS t 30 min (%)

UN-MP 0.5 73.75 ± 1.77 Ac 72.5 ± 3.54aA 33 ± 0.71bA

1 99.25 ± 1.06Ab 73.5 ± 1.41bA 25.25 ± 0.35cB

2 127 ± 2.83aA 78.75 ± 1.77bA 26 ± 2.12cB

UN-PI 0.5 105 ± 7.07aA 88 ± 0.71bA 73.75 ± 1.77cA

1 88 ± 0.71aB 64 ± 1.41bB 51.25 ± 1.77cC

2 75.25 ± 0.35aB 62.25 ± 0.35bB 56.25 ± 0.35cB

MPH-P 0.5 13.75 ± 1.77aC 11 ± 1.41aC 0bC

1 51.25 ± 1.77aB 37 ± 0.71bB 14 ± 2.12cB

2 157.5 ± 3.54aA 52 ± 0.71bA 37.25 ± 0.35cA

PIH-P 0.5 37.25 ± 0.35aC 26 ± 1.41bB 16.85 ± 0.21cB

1 75.3 ± 0.42aB 36.5 ± 1.41bA 24.4 ± 0.85cA

2 151.5 ± 2.12aA 38.75 ± 1.77bA 25.15 ± 0.21cA

MPH-G 0.5 21 ± 1.41aC 11.5 ± 0.71bB 0cB

1 25.3 ± 0.42aB 13.75 ± 1.77bB 0cB

2 37.6 ± 0.14aA 21.25 ± 1.77bA 12 ± 0.71cA

PIH-G 0.5 25.25 ± 0.35aB 13 ± 0.71bC 0cC

1 26.5 ± 0.71aB 17.1 ± 0.57 bB 11.75 ± 1.06cB

2 70.75 ± 2.47aA 43.15 ± 0.92bA 37 ± 0.71cA

MPH-A 0.5 16.7 ± 1.13aC 0bB 0 bB

1 26.25 ± 1.77aB 0bB 0bB

2 37.75 ± 0.35aA 9.25 ± 1.06bA 9.25 ± 1.06bA

PIH-A 0.5 17.6 ± 1.27aC 8.75 ± 1.77bB 0cA

1 27.9 ± 0.57aB 12 ± 0.71bB 0cA

2 42.1 ± 0.57aA 25.5 ± 0.71bA 0cA
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rearrangement of molecules at the interface between air-
water (Elavarasan et al. 2014).

Water and Oil Binding Capacities

Oil binding capacity (OBC) analysis, illustrated in 
Fig.  2c, highlighted that the OBC of PIHs was higher 
(30.35–57.81%) than that obtained with MPHs (22 to 29%). 
Among all hydrolysates, PIH-A exhibited the highest OBC 
which could be attributed to its high content on hydrophobic 
peptides, compared to the hydrolysate obtained with goby 
and B. invectea proteases.

The hydrolysates with high oil binding capacity are a 
potential additive for the meat and confectionery industries 
(Gbogouri et al. 2004).

In addition, the highest WHC was obtained with undi-
gested proteins, in a dependent-dose manner (Fig. 2d). In 
fact, UN-PI and UN-MP could retain 98.86 and 67.08% of 

water at 2% concentration, respectively, while the WHC 
of EPHs is ranged from 8.57 to 15.46%, at the same con-
centration. This high WHC of undigested protein is due to 
their high content with higher (>10 kDa) molecular weight 
(67.9 and 70.7 kDa for UN-PI and UN-MP respectively). 
The WBC and OBC recorded values could be influenced 
by the nature, charge and molecular weight of proteins and 
peptides.

Antioxidant Activities

DPPH Radical Scavenging Activity Assay

Antioxidants can terminate or retard the oxidation process 
by interacting with free radicals and forming species. The 
results of the DPPH free radical-scavenging activity, pre-
sented in Fig. 3a, indicated that intact proteins and their 
hydrolysates exhibited antioxidant activity against DPPH. 

Fig. 3  a DPPH radical scaveng-
ing of UN-PI, UN-AM and their 
EPHs. b ß-carotene bleaching 
of UN-PI, UN-AM and their 
EPHs. c Reducing power of 
UN-PI, UN-AM and their 
EPHs. d Iron chelating activities 
of UN-PI, UN-AM and their 
EPHs. UN-MP and UN-PI 
represent undigested muscle 
and protein isolate prepared at 
the same conditions without 
proteases addition respec-
tively. EPHs: European eel 
protein hydrolysates. MPH-P 
MPH-G and MPH-A: protein 
hydrolysates obtained from A. 
anguilla muscle by Purafect®, 
goby proteases and B. invictae 
proteases respectively. PIH-P, 
PIH-G and PIH-A: protein 
hydrolysates produced from 
protein isolate with the same 
proteases respectively
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A positive correlation between the peptide concentrations 
and their radical-scavenging potential was observed. These 
findings are in line with previous study of Nasri et al. (2014) 
which reported that the DPPH scavenging activity increased 
with increasing concentrations of goby fish protein hydro-
lysates. Furthermore, results showed that UN-MP, UN-PI 
and EPHs, prepared at a concentration of 5 mg/ml, mani-
fested moderated antioxidant activity ranging from 23 to 
42%, which was lower than that observed with BHA at 
the same concentration. For the hydrolysate obtained with 
gobie and B. invectea proteases, PIH had higher scavenging 
activity compared to MPH. Furthermore, among all hydro-
lysates PIH-G had the highest scavenging activity (42,58%) 
followed by PIH-A (37.93%) at the concentration 5 mg/ml.

ß-Carotene Bleaching Method

The ability of both undigested proteins and their hydro-
lysates to scavenge the free radical of system linoleic acid-
β-carotene system was also investigated and results are 
reported in Fig. 3b. In this test, ß-carotene undergoes rapid 
discoloration in the absence of antioxidant, which reduced 
the absorbance of the test solution with increasing reaction 
time. All samples inhibited considerably the oxidation of 
ß-carotene at dose dependent manner. Among undigested 
protein, UN-PI showed significantly (p < 0.05) the highest 
ability to prevent bleaching of ß-carotene (99.07%). Moreo-
ver, muscle protein hydrolysates (MPH) give the best ability 
to inhibit ß-carotene oxidation compared to protein isolate 
hydrolysates (PIH). This finding could be related to the 
hydrolysate composition as MPH had higher lipid content 

Fig. 3  (continued)
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compared to PIH (Qian et al. 2008). Besides, MPH had 
higher hydrophobicity compared to PIH it means that the 
higher activity is related to presence of hydrophobic peptide 
responsible for the neutralization of free radicals derived 
from linoleic acid and therefore prevent the oxidation and 
bleaching of ß-carotene. Furthermore, protein hydrolysates 
obtained using B. invectea proteases had the highest abil-
ity to scavenge the free radical of system linoleic acid-β-
carotene system at a concentration of 4 mg/ml (96.68% for 
MPH-A and 93.66% for PIH-A). Thus, the free radical-medi-
ated lipid peroxidation of these hydrolysates system may 
be related to the pronounced level of hydrophobic peptides 
compared to the hydrophilic peptides (Qian et al. 2008).

These results demonstrated that both undigested proteins 
and their EPHs prevent ß-carotene bleaching by potentially 
donating hydrogen atoms to peroxyl radicals of linoleic acid. 
The DPPH radical scavenging activity and the inhibition of 
oxidation of ß-carotene assay showed that the intact proteins, 
especially protein isolate, and their derivates exhibited an 
interesting ability to stabilize free radical in emulsion system 
that in aqueous solution.

Reducing Power Assay

The reducing powers of UN-PI, UN-MP and their EPHs, 
as well as BHA, as a function of their concentrations, are 
shown in Fig.  3c. All samples showed reducing power 
ability in a dose dependent manner. Besides, among undi-
gested protein, UN-PI displayed higher reducing power 
 (DO700 nm = 1.59) compared to UN-MP  (DO700 nm = 1.16), 
at 5 mg/ml. Furthermore, protein hydrolysates using Purafect 
had the highest reducing power reaching  (DO700 nm = 1.33) 
for MPH-P followed by PIH-P  (DO700 nm = 1.12). The same 
hydrolysates had higher hydrophilic peptide with the higher 
content (17.18) on peptide with HMW (>10 kDa) compared 
to MPH-G and MPH-A which could be responsible for the 
higher reducing power capacity. In addition, MPH and PIH 
obtaining by means of gobie and B. invectea proteases had 
significantly close ability for reducing power (0.97–1.04). 
Wu et al. (2003) reported that the higher reducing potential 
might be also credited to the charge and amino acid com-
position of proteins hydrolysates. However, all hydrolysates 
and undigested proteins showed a lower reducing power than 
BHA at the same concentrations.

Ferrous Ion Chelating Activity

The Ferrous ion chelating activity of different samples was 
evaluated by the disruption of the formation of the com-
plex  Fe2+-ferrozine, resulting in the decrease of the pur-
ple color development. Figure 3d shows that all samples 
exhibited potential chelating activity with dose dependent 
manner. Undigested proteins exhibited the strongest metal 

chelating ability (100%, at a concentration of 200 μg/ml), 
which is comparable to the EDTA, used as chelating agent. 
Among EPHs, at 500 μg/ml, MPH-G and PIH-G and PIH-A 
had highest chelating effects reaching significantly a close 
value of 97.95, 96.24 and 95.76% respectively, followed 
by MPH-A (92.31%). This finding could be correlated to 
the higher hydrophobicity of the hydrolysates by means of 
goby and B. invectea proteases compared to that with Pura-
fect proteases. The important chelating metal ions higher 
chelating metal effect may also attributed to the presence of 
acid and basic amino acids with carboxyl and amino groups 
in the side chains (Wiriyaphan et al. 2015). Thus, results 
demonstrated that protein hydrolysis could be an alternative 
to improve the antioxidant potentialities of the molecules 
depending on the mechanisms of action of the applied test.

Antibacterial Properties

The antibacterial activity of UN-MP and UN-PI and their 
hydrolysates (EPHs) was evaluated against Gram + and 
Gram− bacteria by measuring the clear growth inhibition 
zone (expressed in mm). As can be seen in Table 4, all sam-
ples disclosed different degrees of antibacterial activities 
against, at least, four bacteria. The undigested protein iso-
late (UN-PI) exhibited the higher inhibition effects against 
the 8 different Gram+ and Gram− bacteria tested compared 
to the undigested muscle protein. In fact, UN-PI exhibited 
an important antibacterial activity against M. Luteus Y. 
(15.75 mm), S. aureus, E. Coli and P. aeruginosa (14.5 mm) 
and moderate activity against the others strains. The results 
obtained are of a great importance, particularly in the case 
of S. aureus, which was well known for being resistant to a 
number of phytochemical compounds and for the production 
of several types of enterotoxins that cause gastroenteritis 
(Halpin-Dohnalek and Marth 1989).

In addition, among European Eel protein hydrolysates, 
MPH-P displayed the highest inhibition effects against the 
nine different bacteria tested followed by PIH-P. These 
hydrolysates showed a strong antibacterial activity against 
P.aeruginosa with close clear zone diameters for MPH-P 
(18 mm) and for PIH-P (19 mm) and moderate antibacterial 
activity for all the other samples (between 13.13 mm and 
14.5 mm). The highest antibacterial activity of hydrolysates 
obtained by means of Purafect proteases may be related to 
the higher hydrophilic peptides content and to the highest 
solubility of MPH-P and PIH-P compared to the other hydro-
lysates obtained with Goby and B. invectea proteases provid-
ing lower antibacterial activity. Moreover, P.aeruginosa, as 
Gram-negative strain, was inhibited by all samples, which 
could reduce serious humane infections especially in patients 
hospitalized with cancer, cystic fibrosis, and burns; the case 
fatality is 50%. Other infections caused by P.aeruginosa 
species include endocarditis, pneumonia, and infections 
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of the urinary tract, central nervous system, wounds, eyes, 
ears, skin, and musculoskeletal system (Iglewski 1996). 
Furthermore, hydrolysates from protein isolate improved 
the antibacterial activity compared to the muscle protein 
hydrolysates. Thus, PIH-P illustrated higher inhibitory 
activity against M. Luteus (14.5 mm) compared to MPH-P 
(8 mm). PIG-G showed inhibitory activity against six bac-
teria, while MPH-G showed inhibitory activity against four 
bacteria. Additionally, data unveiled that among the Gram 
(+) bacteria, M. luteus was most sensitive microorganism 
that was inhibited by all samples and the highest inhibi-
tory activity was obtained by PIH-G (15.5 mm) and PIH-P 
(14.5 mm). It is important also to show that S.aureus as 
another Gram (+) strain was inhibited by all samples tested 
with highest activity obtained by UN-PI (14.5 mm). The 
differences detected in the efficiency of the different hydro-
lysates from Purafect, Goby and B. invectea could mainly 
related to the peptide composition, hydrophile/hydrophobe 
character and the water solubility which could explain the 
highest antibacterial activity of hydrolysates using Purafect 
compared the Goby and B. invectea proteases.

Therefore, the overall results prove that undigested pro-
tein and their hydrolysates exhibited not only nutritional but 
also biological properties for therapeutic application.

Electrosprayability of MD

The electrosprayability of maltodextrin (MD) solu-
tions which served as a coating material for protein hydro-
lysates, was evaluated. This process depends on the adjust-
ments of the dispersion properties which are required to 
operate the physical morphologies of the collected material 
through electrospraying process (Lim et al. 2019). There are 
some parameters related to elecrospraying process (applied 
potential, electric field, spinning distance, flow rate) and 
to polymer dispersions properties (conductivity, viscosity, 
surface tension) (Chronakis 2010). In the present study, the 
evaluation of the electrosprayability of maltodextrine and 
eel protein hydrolysates dispersion (MD-EPH) was carried 
out. MD solutions, prepared at different concentrations (10, 
20 and 40%, w/v) without additives, were not electrospray-
able (Table 5) which could be attributed to their physical 
properties. Among these parameters, the concentration, the 
viscosity and the surface tension of polymer dispersions 
were crucial as they should be high enough to boost biopoly-
mer entanglements and the production of capsules.

Thus, the methodology used to increase the viscosity, 
to reduce the surface tension and subsequently improve 
the electrosprayability of the MD dispersion, was to incor-
porate Xanthan gum (XG) (1% (w/w)) as a stabilizing agents 

Table 4  Antibacterial activity of UN-MA, UN-PI and their hydrolysates, evaluated by measuring the diameter of the growth inhibition zones in 
millimeters

(a–d) Different letters in the same column mean significant differences between antibacterial activity of each sample against different bacteria 
(p < 0.05). UN-MP and UN-PI represent undigested muscle and protein isolate prepared at the same conditions without proteases addition 
respectively. EPHs: European eel protein hydrolysates. MPH-P MPH-G and MPH-A: protein hydrolysates obtained from A. anguilla muscle by 
Purafect®, goby proteases and B. invictae proteases respectively. PIH-P, PIH-G and PIH-A: protein hydrolysates produced from protein isolate 
with the same proteases respectively. “-” means that the sample does not exhibit inhibitory activity against the bacteria tested

UN-PI UN-MP MPH-P PIH-P MPH-G PIH-G MPH-A PIH-A

M. luteus 8.5 ± 0.71c 9.0 ± 141b 8.0 ± 1.41cd 14.5 ± 3.54b 13.5 ± 0.71a 15.5 ± 0.71a 10.5 ± 0.71c 10 ± 1.41b

M. luteus.Y (BRM7) 15.75 ± 1.06a 12.5 ± 0.71a 12.75 ± 0.35b 12.5 ± 0.71b 12.25 ± 0.35b 13.5 ± 0.71bc 12.5 ± 0.71ab 13.75 ± 1.77a

S. enterica 7.5 ± 0.71c 6.5 ± 0.71c 8.5 ± 0.71c 7.5 ± 0.71c – – – –
Enterobacter sp 7.25 ± 0.35c 7.5 ± 0.71bc 9.0 ± 1.41c 7.5 ± 0.71c – 6.5 ± 0.71e 7.5 ± 0.71d –
S. aureus 14.5 ± 0.71a 8.5 ± 0.71bc 12 ± 1.41b 12.5 ± 0.71b 12.25 ± 0.35b 12.13 ± 0.18d 11.5 ± 0.71bc 11.5 ± 0.71b

E. Coli 14.5 ± 0.71a 11 ± 1.41a 12.5 ± 0.71b 12.5 ± 0.71b – 12.75 ± 0.35cd – –
L. monocytogenes 7.25 ± 0.35c 6.5 ± 0.71c 8.0 ± 1.41cd – – – – –
P. aeruginosa 14.5 ± 0.71a 12.5 ± 0.71a 18 ± 1.41a 19 ± 1.41a 13.13 ± 1.24ab 14.5 ± 0.71ab 13.5 ± 0.71a 14 ± 1.41a

Table 5  Electrospraying process of maltodextrin

MD Maltodextrin, XG Xanthan gum, S Surfactant “Span 20”, V Voltage, R Rate, D Distance

MD 20% MD 20% + S5% MD 20% + XG 
1%

MD 20% + XG 
1% + S 5%

MD 40% MD 40% + S 
5%

MD 40% + XG 
1%

MD 40% + XG 
1% + S 5%

Electrospray-
ability (V = 18 
KV, d = 10 cm, 
R = 0.10 ml/h)

– + – + – + – +
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and Span-20 (5% (w/w)) as non-anionic surfactant to ensure 
the stability in the electrospraying jet and then to combine 
both of them. Result, presented in Table 5, revealed a posi-
tive impact on the electrosprayability of MD dispersion 
with the addition of surfactant (Span 20), which could be 
mainly related to the surface tension decrease from 46 to 
25 mN/m and to the decrease of conductivity from 4.10 to 
3.48 (mS/cm) (Table 6). This result is in line with previous 
work of Pérez-Masiá et al. (2014) who reported that the elec-
trically charged (non-ionic) surfactant (Span 20) increased 
the instability in the jet electrosprayability and enhanced 
the capsule development. Additionally, the incorporation of 
both surfactant Span 20 (5%) and XG (1%) had a positive 
impact on MD electrosprayability (Table 5). However, the 
incorporation of Xanthan gum (XG) alone does not improve 
the electrosprayability of MD solution as no material was 
collected (Table 5) even by modifying the process param-
eters (flow rate (0.10 mL/h), distance (10, 12 and 15 cm) 
and voltage (15 and 18 kV) and dripping is observed dur-
ing electrospraying process. It could be explained by the 
high water holding capacity of Xanthan gums responsible 
for incomplete drying of the jet and the dripping in the col-
lector (Pérez-Masiá et al. 2014).

The best conditions selected for electrospraying process, 
after preliminary study, were the flow rate 0.10 ml/h, the 
voltage 18 kV and the distance 10 cm based on the elec-
trosprayability (data not shown) and the microstructural 
analysis using SEM images. Additionally, the SEM images 
of MD-S (5%) dispersion, presented in Fig.  4a and b, 
showed the ability of MD (40%, w/w) dispersed with the 
Surfactant Span 20 (5%, w/w) to form a small dispersed 
capsule and revealed that increasing the voltage from 
15 kV to 18 kV improved the morphology of the MD-S 
(5%). Then, MD was used to evaluate the electrosprayability 

of Maltodextrin- European protein hydrolysates (MD-
S-EPH) by dissolving protein hydrolysates (30% (w/w) 
respecting the maltodextrin weight) in the maltodextrin dis-
persion (40%, w/w) (López-Córdoba et al. 2016).

Electrosprayability of MD‑S‑EPH Dispersions

The European protein hydrolysates (30%, w/w) was dis-
solved in MD-S (5%) and the dispersion was characterized. 
EPH prepared by means of Purafect and B. invectea were 
selected for this study as they present different hydrophilic/
hydrophobic character, MPH-P, PIH-P presented the high-
est hydrophilic peptide content, while MPH-A and PIH-A 
revealed lower hydrophile peptide content (highest hydro-
phobicity). The stability of the MD-S-EPH dispersion was 
evaluated by determining the zeta potential and creaming 
index (CI) values.

Stability of MD-S-EPH Dispersion

The zeta potential has been determined for MD, and EPH at 
different pH (Table 7). This analysis is defined as the charge 
developed at the interface between a solid surface and its 
liquid medium. The surface charge is one of the properties 
that transmit the stability of encapsulated products. The zeta 
potential values of the MD-S-MPH-P and MD-S-MPH-A 
mixtures were −29.33 and −42.53 mV, respectively (Data 
not shown). This finding is attributed to the pH of the MD-
S-EPH dispersions, which was ranged between 7.8 and 8.1. 
The pH controls the ionization of the side chain, amino and 
carboxyl groups of the proteins and carboxylic groups of the 
polysaccharides.

These results explain the gravitational stability of dis-
persion, as it is widely reported that solutions with high 

Table 6  Surface Tension, conductivity and viscosity of MD, MD-S(5%), MD-S-EPH at different conditions

(a–f) Different letters in the same column mean significant differences between samples (p < 0.05)
H: Homogenization with Ultraturrax. HS: Homogenization with Ultraturrax and Ultrasonication. MD: Maltodextrin, S (5%): Surfactant Span 20 
at the concentration 5%. MD-S-MPH is the abbreviation of Maltodextrin- Surfactant Span 20 (5%, w/w) homogenized with European protein 
hydrolysates. MPH-P and MPH-A: protein hydrolysates obtained from A. anguilla muscle by Purafect®, and B. invictae proteases, respectively

Conductivity (mS/cm) Surface tension (mN/m) Viscosity mPas. TL5, 
RPM5s (92%)

Average 
droplet size 
(μm)

MD (40%) 4,10 ± 0,03c 46,10 ± 0,35a 550,60 ± 0,35a –
MD-S (5%) 3,48 ± 0,02g 25,30 ± 0,10c 550,30 ± 0,16a –
H 2 min MD-S-MPH-P 5,96 ± 0,02a 25,97 ± 0,25b 550,40 ± 0,21a 4.65

MD-S-MPH-A 5,56 ± 0,03b 25,40 ± 0,40c 550,41 ± 0,22a 4.80
H 5 min MD-S-MPH-P 3,74 ± 0,03e 25,68 ± 0,07bc 547,32 ± 5,86a 3.72

MD-S-MPH-A 4,07 ± 0,02c 25,53 ± 0,15c 550,47 ± 0,16a 3.79
H 5 min + HS 2 min MD-S-MPH-P 3,56 ± 0,02f 25,63 ± 0,06bc 550,32 ± 0,22a 2.60

MD-S-MPH-A 4,00 ± 0,01d 25,43 ± 0,12c 547,27 ± 5,44a 2.38
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absolute value of zeta potential (negative or positive) are 
electrically stabilized against aggregation and flocculation, 
probably leading to higher physical stability (Morales-
Medina et al. 2016).

The creaming indexes (CI) are also determined to evalu-
ate the stability of the MD-EPH dispersion. Results, shown 
in Table 8 revealed that MD-S-MPH had the higher stability 
compared to the MD-S-PIH. This finding could be related to 
the higher hydrophilic peptide content on MPH compared 
to that of PIH. Additionally, among all MD-S-EPH, MD-S-
PIH-P had the lowest stability (35.7% after 24 h). 

Conductivity, Surface Tension and Particles Size 
of MD-S-EPH Dispersion

The conductivity, surface tension and viscosity of stable 
MD-S-EPH mixture (MD-S-MPH-P and MD-S-MPH-A) 
were prepared using two homogenization methods (Table 6), 
homogenization with Ultraturrax (H) and the homogeni-
zation followed by ultrasonication treatment (HS), were 
mesured. The results showed that the conductivity of MD-
S-EPH mixture was ranged from 3.56 to 5.96 mS. The high-
est conductivity was obtained by the dispersions obtained by 
the homogenization contained muscle protein hydrolysates 
MD-S-MPH-P (5.96 mS/cm) followed by MD-S-MPH-A 
(5.5 mS/cm). In addition, the surface tension of MD-S-EPH 
mixture was ranged between 25.40 and 25.97 mN/m. Moreo-
ver, the homogenization with Ultraturrax and Ultrasonica-
tion had no significant effect on the viscosity of MD-S-EPH 
dispersions.

The average particles sizes of MD-S-MPH-P and MD-
S-MPH-A dispersions were  determined (Table  6). The 
main objective of varying the homogenization conditions 
is to obtain homogenous dispersions with a small size and 
to ensure the large contact area between protein hydro-
lysates and MD dispersions. Indeed, the average particles 
sizes of MD-S-MPH-P and MD-S-MPH-A are 4.65 and 
4.8 μm respectively. In addition, increasing the homog-
enization time from 2 min to 5 min reduced the average 
particles sizes to 3.72 and 3.79 μm for MD-S-MPH-P and 

MD-S-MPH-A, respectively. The ultrasonication  treat-
ment (cycle 0.5, amplitude 20%) reduced the average parti-
cles sizes of both MD-S-MPH-P and MD-S-MPH-A to 2.38 
and 2.6 μm, respectively.

These results are in line with those reported by Mohan 
et al. (2015) who found that the combination of proteins and 
polysaccharides in encapsulation relatively large capsules, 
which requires the improvement of the homogenization pro-
cess to reduce the average droplet size of the particles size.

In this work, electrospraying proved to be an efficient 
tool for MD-S-EPH microcapsules formation, as illus-
trated in Fig. 4. The electrospraying method allowed a good 
microstructure of MD-S-EPH microcapsules compared to 
that obtained with MD-S-UN-MP. This finding could be 
explained by the lowest stability of MD-S-UN-MP disper-
sion determined by the creaming index (22.73% after 24 h). 
Besides, MD dispersion prepared with undigested protein 
isolate which was insoluble and not stable with the cream-
ing index test and cannot be electrosprayable. Moreover, a 
clear, uniform and spherical microcapsules were obtained 
by MD-S-MPH-P and MD-S-MPH-A compared to MD-
S-PIH-P and MD-S-PIH-A. This finding is in accordance 
with the creaming index analysis demonstrating that the 
MD-MPH dispersions were totally stable (CI = 100%) after 
24 h compared to MD-S-PIH dispersions. Furthermore, the 
best microcapsules morphology of the MD-S-MPH-A and 
MD-S-MPH-P approved the strong interaction between MD 
and MPH, boosting the chain entanglements during the elec-
trospraying process (Pérez-Masiá et al. 2014) which is in 
line with the previous analysis of creaming index and the 
zeta potential analysis demonstrating the highest stability 
of MD-S-MPH-A (−42.53 mV) followed by MD-S-MPH-P 
(29.33 mV) dispersions.

Conclusion

The present study revealed that the extraction of protein iso-
late from Anguilla anguilla muscle by pH-shifting process 
leads to reduce remarkably the fat content and to increase the 
yields of recuperated protein. The recovered protein isolate 
has interesting techno-functional and antioxidant properties. 
The enzymatic hydrolysis of A. anguilla muscle proteins 
and its protein isolate generated various protein hydrolysates 
dependent on the crude proteases used (Purafect, bacterial 
proteases or goby fish viscera proteases). The functional and 
antioxidant properties of the derivate peptides depend on 
their molecular weight and hydrophobic character. Protein 
hydrolysates revealed important techno-functional proper-
ties and biological activities. Therefore, the higher stability 
of maltodextrin-muscle protein hydrolysates explains their 
well electrosprayability. In fact, MPH-S-MD had the high-
est stability by the CI and zeta potential analysis explaining 

Fig. 4  SEM images of MD-S 5% capsules obtained at different elec-
trospraying condition (a) Flow rate = 0,10 mL/h and voltage = 15 kV; 
(b) Flow rate =  0,10  mL/h and voltage =  18  kV (c) SEM image  of 
MD-S-UN-MP  capsules (d), SEM  images of MD-S-EPH  capsules: 
MD-S-MPH-P (e) MD-S-PIH-P (f); MD-S-MPH-A (g); MD-S-PIH-
A. All the dispersions are prepared by homogenization using Ultra-
turrax  (5  min) and followed by  2  min Ultrasonication  treatment. 
Electrospraying process parameters:  flow rate =  0,10  mL/h, volt-
age = 18 kV and distance = 10 cm. MD: Maltodextrin. S (5%): Sur-
factant Span 20 at the concentration 5%. MD-S-MPH is the abbre-
viation of Maltodextrin- Surfactant Span 20 (5%, w/w) homogenized 
with European protein hydrolysates. MPH-P and MPH-A: protein 
hydrolysates obtained from A. anguilla muscle by Purafect®, and B. 
invictae proteases, respectively

◂
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their best microcapsules formed compared to PIH-S-MD and 
approving the strong interaction between MD and muscle 
protein hydrolysates (MPH) which favored chain entangle-
ments forming microcapsules.
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