
INTRODUCTION
Iron is a component of hemoglobin in red blood cells, 
vital for the transportation of oxygen throughout the 
human body as myoglobin for storage and usage 
of oxygen in muscles [1]. Being a part of iron-sulfur 
complexes in enzymes responsible for the respiratory 
electron chain inside mitochondria and the citric acid 
cycle, it plays key roles in cellular growth, DNA and 
energy synthesis [2]. Iron deficiency is the cause of 
mood changes, muscle weakness, immunodeficiency, 
and anemia [3]. The origin of iron deficiency is often 
attributed to limited absorption of iron (II) ion (Fe2+) 
from food due to the presence of inhibitors such as 
phytates, polyphenols, oxalic acid and fiber, by forming 
insoluble complexes [4]. Furthermore, at physiological 
pH, Fe2+ is easily converted to non-absorbable 
iron salt [5]. To limit the iron shortage in the human 
body, food fortification seems to be the most cost-

effective intervention [6, 7]. The first generation of iron 
supplement, including ferrous sulfate, ferrous chloride, 
and ferrous lactate, is used in the clinical treatment of 
anemia, but they can cause a series of side effects 
counting gastrointestinal irritation, stomach ache or 
diarrhea [4]. Although the second generation, ferrous 
glycinate (an amino acid–Fe (II) complex) showed 
2.5 – 3.4 times more bioavailable than the iron salts, 
it could initiate the fat oxidation and unfavorable color 
reaction [8]. To meet the physiological demands for 
iron and minimize unpleasant side effects, iron-binding 
protein hydrolysates/peptides have attracted many 
scientists recently. Protein hydrolysates with IBC were 
generated from various sources including tilapia skin 
[9], sturgeon skin [10], salmon skin [11], etc. Besides, 
fish skin hydrolysates from sole [12], tiger puffer [13], 
and saithe skin [14] also exhibited interesting functional 
properties such as emulsifying and foaming, which can 
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ABSTRACT

This study utilized featherback skin to generate a versatile protein hydrolysate having capacities of iron chelation, 
emulsification, foaming and amino acid supplement. The hydrolysate obtained under the chosen condition 
(Alcalase, the skin:water ratio of 1:9 (w/v), pH 7.5, 55°C, enzyme:substrate (E:S) ratio of 40 U/g protein, 4 h of 
hydrolysis) showed an iron-binding capacity (IBC) of 7085.2 ± 4.2 (μg Fe2+/g protein), being equivalent to that of 
ethylenediaminetetraacetic acid disodium salt (Na2EDTA). Together with a high content of hydrophobic amino acids 
(63.34 mg/L), in the pH range 3-8, the emulsifying property of the hydrolysate was remarkable with emulsifying 
activity index (EAI) of 0.16-0.21 m2/g protein and emulsifying stability index (ESI) of 35.1-107.1 min, which were 1.7-
2.3 folds lower and 1.6-5.0 folds higher than those of sodium caseinate, respectively. Meanwhile, the hydrolysate 
exhibited mild foaming property with its foaming capacity (FC) and foaming stability (FS) being 3.6-16.6 folds lower 
than those of albumin.
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improve fortified products’ characteristics. It indicated 
that fish skins could be noteworthy sources for 
producing iron-chelating protein hydrolysates/peptides 
with emulsifying and foaming capacity.

EXPERIMENTAL
Materials: Featherback skin obtained from a market 
from Ho Chi Minh city was ground after washing with 
cold water and cutting to pieces. The ground skin 
was stored at -20°C in sealed polyamide bags. The 
chemical composition of the skin including 63.6 ± 1.7 % 
moisture, 71.18 ± 1.8 % crude protein, and 19.7 ± 1.6 % 
ash content (on dry weight basis) was analyzed using 
the guidelines of Nwachukwu and Aluko (2019) [15].
Alcalase® 2.5L was obtained from Novozymes 
(Denmark) while other chemicals were purchased from 
Sigma-Aldrich and Merck. All reagents were analytical 
grade. Distilled water was used in experiments. 
Preparation of featherback skin hydrolysate: The 
featherback skin hydrolysate was prepared based on 
our previous protocol with modifications [16]. Distilled 
water was added to the skin before bringing the 
mixture to 95°C for 15 min to deactive pre-existing 
endoenzymes. The mixture was then cooled to 55°C 
(the working temperature for Alcalase) and its pH was 
adjusted to 7.5 (the optimal pH for Alcalase) using 
NaOH 1M and/or HCl 1M solution. Subsequently, 
Alcalase was added to 7.5 (the optimal pH for Alcalase) 
using NaOH 1M and/or HCl 1M solution. Subsequently, 
Alcalase was added to the mixture with the required 
E:S ratio to start the hydrolysis. After the set hydrolysis 
time, the Alcalase was deactivated by heating the 
hydrolysate for 15 min at 95°C. The hydrolysates were 
centrifuged to separate the upper fat fractions and the 
obtained supernatants were filtered with Whatman no. 
3 filter paper to remove suspended particles. Protein 
content of the hydrolysate was determined based on 
Lowry’s method [15].
Effects of hydrolysis condition on the IBC of the 
hydrolysate: The effect of skin:water ratio, E:S ratio 
and hydrolysis time on IBC of the hydrolysate was 
examined using a single factor test, performed by 
varying one factor with different levels while fixing the 
others. The initial hydrolysis condition was selected at 
55°C, pH 7.5, E:S ratio of 40 U/g protein and 4 h of 
hydrolysis. The skin:water ratio was varied from 1:1 to 
1:11 (w/v), the E:S ratio was controlled from 20 to 60 
U/g protein, and hydrolysis time ranged from 2 to 6 h.
Determination of IBC of the hydrolysate: The 
quantification method for IBC of Vo et al. (2020) [3] was 
employed to measure the IBC of the featherback skin 
hydrolysate. In brief, the mixture of the demineralized 
hydrolysate (1 mL), sodium acetate buffer (2.5 mL, 0.1 
M, pH 5) and 0.2 mM FeSO4 solution (0.6 mL) was 
placed at room temperature for 30 min. Subsequently, 
0.3 mL of Ferrozine (5 mM) was added to the mixture, 
whose absorbance was then recorded at 562 nm. For 
the blank sample, 2 mL of the hydrolysate was replaced 

with 2 mL of distilled water. Na2EDTA was used as a 
standard. The IBC of the hydrolysate was calculated 
using the following formula:

Where Ac is the absorbance of the blank; As stands for 
the absorbance of the sample;  represents the initial 
weight of Fe2+, µg; mprotein denotes the weight of protein 
of the hydrolysate, g.
Determination of degree of hydrolysis (DH): 
The featherback skin protein hydrolysate’s DH was 
determined employing our previously published 
method [17]. Firstly, o-phthaldialdehyde (OPA) reagent 
was prepared as follows: 80 mg of OPA and 88 mg of 
dithiothreitol were dissolved in 2 mL of absolute ethanol, 
and the resulting solution was diluted to 100 mL using 
D1 solution containing sodium borate (50.8 g/L) and 
sodium dodecyl sulfate (1.333 g/L). Then, samples, 
blanks and standards were prepared by mixing 0.4 
mL of the protein hydrolysate, distilled water or 0.9516 
milliequivalents/L serine solution with 3 mL of the 
OPA reagent in 5s. After 2 min, the absorbance of two 
standards was measured, followed by the absorbance 
of the blanks, the samples, and two other standards.  
The DH of the protein hydrolysate was calculated using 
the equation provided below:

Where, As and Ab orderly indicate the absorbance of 
the sample and the blank. Ast is average absorbance of 
the 4 serine standards. P (mg/mL) dictates the protein 
content determined using the Lowry method. α and β 
are constant which are 1.0 and 0.4, respectively, for 
fish. htot is hydrolytic equivalence at complete hydrolysis 
to amino acids, being 8.6 for fish.
Amino acid composition analysis:  Firstly, all peptides 
in the hydrolysate were converted into free amino acids 
by the cleavage of 6 M HCl solution for 23 h at 110 
± 2°C. They were then separated by ion-exchange 
chromatography and reacted with Ninhydrin to form 
their Ninhydrin-derivatives before being detected. Free 
amino acids in the hydrolysate were quantified based 
on the absorbance of standard solutions of amino acids 
at 440 nm for Pro and 570 nm for other amino acids 
[15].
Determination of foaming property: Foaming 
property (FC and FS) of the featherback skin 
hydrolysate were tested according to the procedures 
depicted in the study of Vo et al. (2020) [3]. pH of 40 
mL of the hydrolysate (soluble protein content of 10 mg/
mL) was adjusted to a value within the range from 3 to 
8 using either 1 M HCl or 1 M NaOH solution before 
being homogenized. The whipped specimen was then 
instantly transferred into a 100 mL cylinder and the total 
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volume was recorded after 30 s at room temperature 
and after being left at 20°C for 3 min. For the standard 
sample, 40 mL of 10 mg/mL albumin solution was used 
to replace the protein hydrolysate. The FC and FS of 
the hydrolysate and the standard were determined 
using the following equations:

Where A indicates the volume of the whipped 
hydrolysate measured after 30 s (mL), At expresses 
the volume of the whipped hydrolysate measured after 
being left for 3 min at 20⁰C (mL); B depicts the initial 
volume of the hydrolysate (mL).
Determination of emulsifying property: The 
emulsifying capacity of the featherback skin 
hydrolysate was assessed in the pH range of 3-8. 
15 mL of the hydrolysate (10 mg soluble protein/mL) 
was homogenized with 5 mL of vegetable oil to gain 
the emulsion. Then, 50 µL of the emulsion, pipetted 
from the bottom of its container at 0 min and 10 min 
after homogenization, was blended with 4.95 mL of 
sodium dodecyl sulfate solution (1 mg/mL) prior to 
measurement of absorbance of the mixture at 500 nm. 
Sodium caseinate solution (10 mg/mL) was used as 
standard [3]. The EAI and ESI were estimated by the 
following equations:

Where ; ; A0 and A10 are the absorbances of the samples 
taken at 0 min and 10 min after homogenization, 
respectively. 2*2.303*A0/1 denotes oil-water interface 
area (m2); 1: the pathlength of the cuvette (cm); 0.25: 
volume proportion of oil phase in the emulsion, mprotein is 
the weight of protein of the hydrolysate, g.
Data analysis: All experiments were triplicated. All 
data were analyzed using Statgraphics 15.1.02 and 
Microsoft Excel.

RESULTS AND DISCUSSION
Effects of hydrolysis condition on the IBC of the 
featherback skin hydrolysate: Alcalase was proven 
to have a broad specificity for various cleavage 
sites, including aromatic (Phe, Trp, Tyr), acidic (Glu), 
S-containing (Met), hydrophobic (Leu and Ala), hydroxyl 
(Ser), and basic (Lys) residues [2, 18], which have 
been considered as anchoring sites for ferrous ions 
[3, 10]. The enzyme was also employed to generate 
iron-binding protein hydrolysates from diverse protein 
sources like whey protein [2], mung bean [19], and red 
Tilapia viscera [20]. In this study, the alcalase was used 

to convert the featherback skin into an iron-chelating 
protein hydrolysate. 
Regarding the effect of skin:water ratio, as shown in 
Fig. 1, the IBC of the hydrolysate reached a peak at 
the ratio of 1:9 (w/v). Low IBCs at other skin:water 
ratios could be due to the fact that there was a negative 
impact on enzyme-substrate interaction via dilution 
(in case of too high water) or high viscosity (in case 
of too low water) of the mixture, lessening the amount 
of bioactive peptides in the hydrolysates [21]. On the 
other hand, a sufficient water amount not only resulted 
in high solubility of protein but also could effectively 
disperse the products of hydrolysis, preventing the 
feedback effect, enhancing bioactivity of the protein 
hydrolysate [21]. In this investigation, the skin:water 
ratio of 1:9 (w/v) was chosen for all future experiments.

In terms of impact of E:S ratio, IBC of the skin 
hydrolysate was in direct proportion to E:S ratios 
ranging from 20 to 40 U/g protein, and the relationship 
was in inverse proportion afterward (Fig. 2). It was 
reported that an increase in E:S ratio ameliorated the 
hydrolysis, generating large amounts of high metal-
affinity peptides from the featherback skin protein 
[16]. A further increase in E:S ratio could induce the 
generation of shorter peptides and amino acids from 
the early released bioactive peptides, thus decreasing 
the overall IBC [3]. In this experiment, the E:S ratio 
of 40 U/g protein was applied for the subsequent 
experiments.

Fig. 3 showed that the IBC of the hydrolysate reached 
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B
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B
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2*2.303*A0

0.25* mprotein
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Fig. 1. Effect of skin:water ratio on IBC of the featherback 
skin protein hydrolysate. Bars with different letters 

 indicate significant differences (p<0.05).

Fig. 2. Effect of E:S ratio on IBC of the featherback 
skin protein hydrolysate. Bars with different 
letters indicate significant differences (p<0.05).
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a maximal value at 4 h of hydrolysis before decreasing 
quickly with further increase in hydrolysis time to 6 
h. The explanation for this declination may be due to 
the fact that prolongation in hydrolysis time could lead 
to the deeper cleavage of the early freed bioactive 
peptides into smaller inactive fragments, reducing their 
IBC. Our previous study also observed a similar trend 
[3]. To this point, 4 h was set as the hydrolysis time for 
next experiments. 

As has been demonstrated above, the optimal 
hydrolysis condition for the featherback skin comprised 
hydrolysis agent of Alcalase® 2.5L, the skin:water ratio 
of 1:9 (w/v), pH 7.5, hydrolysis temperature of 55°C, E:S 
ratio of 40 U/g protein, hydrolysis duration of 4h. The 
resulting featherback skin protein hydrolysate exhibited 
an IBC of 7085.2 ± 4.2 (μg Fe2+/g protein) and a DH of 
16.9 ± 0.3%. This IBC was 7.23 times better than that 
of 8% DH shrimp processing by-products hydrolysate 
[22], while it was 1.33 times lower than that of 43.18 ± 
0.61% DH scallop skirts hydrolysate [23]. The variation 
in IBCs of these hydrolysates might be attributed to 
the difference of their DH values, as higher DH values 
indicated a greater abundance of low molecular 
weight peptides, which usually exerted increased 
IBC [23, 24]. Generally, small peptides possessed a 
simple spatial structure and more exposed metal ion 
binding sites, resulting in higher metal chelating rates 
compared with large peptides [19]. However, the IBC 
of the featherback was superior compared to that of 
higher DH hydrolysates from sole fish skin (IBC = 1160 
μg Fe2+/g of protein, DH = 23.60 ± 0.75%) [12], and 
Pacific cod skin gelatin (IBC = 690 μg Fe2+/g of protein, 
DH = 24.4 ± 0.5%) [25]. This might be because these 
hydrolysates contained too many small peptides or 
free amino acids that were incompetent to chelate the 
ferrous ions [24]. Furthermore, in addition to molecular 
weight, the spatial distribution, amino acid composition 
and sequence of peptides also have decisive influences 
on their IBC [26].
Amino acid composition of the featherback skin 
hydrolysate: It is obvious that the amino acid profile 
greatly contributed to the protein hydrolysate’s 
bioactivity. In this study, as presented in Table 1, the 
featherback skin hydrolysate contained a high amount 

of Phe, whose role in chelating ferrous ions has been 
emphasized in the study of Du et al. (2022) [8]. Also, 
the combination of Phe and other aliphatic amino 
acids such as Ile, Leu, Val, and Ala could increase 
the stability of peptide – Fe2+ complexes, while the 
hydrophobic residues (methyl or methylene groups) 
were perpendicular to the peptide – metal bonds’ plane, 
shielding the Fe2+ from external factors like water 
molecules [2, 3]. 

As well, some regular metal binding sites consist of 
O-carboxyl group of Glu and Asp, O-hydroxyl group 
of Thr and Ser, N-amino group of Lys and N from 
imidazole ring of His; and the amino acids were found 
in the featherback skin hydrolysate in the studies of 
Du et al. (2022) [8], Xu et al. (2022) [5], and our study 
[3]. Another spotlight of the skin hydrolysate was that 
it provided 7 out of 9 essential amino acids for human 
nutrition, which made up approximately three-quarters 
of the total amino acid content.
Functional properties of the featherback skin 
hydrolysate: Transportation, penetration and 
rearrangement of peptides in the hydrolysate at 
the air–water interface were the three predominant 
factors of foam formation [27]. The peptides needed 
to be straightforwardly scattered in water and swiftly 
adsorbed at the water-air interfaces and rearranged 
their structure to form a film surrounding air bubbles to 
exhibit high FC [28]. Previous studies had stated that the 
lower the solubility of a hydrolysate was, the lower the 
migration speed of protein molecules to the boundary 
layer between air and water was, resulting in a lower 
FC [29]. In addition, Daliri et al. (2021) [28] suggested 
that FC was affected by multiple factors such as the 
hydrophobic/hydrophilic balance, molecular weight, 
physical flexibility and net surface charge of proteins/
peptides. 
On the other hand, high FS was achieved if a cohesive 
and flexible film was created by peptide molecules [3]. 
The property of the film seemed to be determined by 
the protein-protein interaction level within the matrix 
that associates with the ionic repulsion of peptides 
[30]. Besides, pH could be considered as one of the 
most important factors that affected both FC and FS 
via protonation or deprotonation of amino acid side 
chains of the peptides, altering the peptide’s charge, 
and thus impacting the solubility and interaction of 
peptide molecules [31]. In this study, the featherback 
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Table 1. Amino acid profile of the featherback skin 
hydrolysate

Fig. 3. Effect of hydrolysis time on IBC of the featherback 
skin protein hydrolysate. Bars with different 
letters indicate significant differences (p<0.05).

Amino acids Content (mg/L) Amino acids Content (mg/L)

His 0.45 ± 0.21 Thr 0.51 ± 0.23
Ile 1.80 ± 0.82 Val 5.26 ± 2.40
Leu 2.43 ± 1.11 Ser 0.72 ± 0.33
Lys 0.49 ± 0.22 Glu 3.17 ± 1.45
Asp 1.88 ± 0.86 Gly 4.45 ± 2.03
Ala 8.68 ± 3.96 Phe 51.17 ± 13.12
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skin hydrolysate exhibited the highest FC and FS at pH 
5 (Fig. 4 A and B). 

When compared to the foaming property of albumin, 
in the tested pH range from 3 to 8, FCs and FSs of 
the hydrolysate were 2.81 – 6.32 and 3.41 – 16.81 
times lower than those of albumin. It could be attributed 
to the poor balance between the skin hydrolysate’s 
hydrophobic and hydrophilic amino acids, in which 
the aliphatic amino acids content was 91% of total 
amino acid, while this value was only 49.5% in albumin 
(calculated from the result of Goto et al. (2021) [32]). 
In addition, low DH value of 16.9 ± 0.3% suggested 
that the skin hydrolysate may contain a high amount 
of large peptides which showed low rate of diffusion 
and adsorption at the air-water interface, decreasing 
the hydrolysate’s foaming property [33]. Qoms et al. 
(2023) [34] observed a positive correlation between 
DH and FC of fern (Azolla pinnata) protein hydrolysate. 
While smaller peptides may incorporate more air in the 
solution, resulting in a faster film formation at the air-
water interface and encapsulation of air bubbles, their 
flexible structures hindered their capacity of stabilizing 
these air bubbles [35]. Despite this, both the FCs and FSs 
of the featherback skin protein hydrolysate significantly 
surpassed those of higher DH hydrolysates from 
Atlantic mackerel by-products (FC = 5%, FS = 3.33%, 
DH = 45%) and sardine by-products (FC = 3.33%, FS 
= 3.33%, DH = 55%) [36]. This might be ascribed to the 
contribution of other parameters including hydrophilic 
to hydrophobic ratio and configurational structures of 
peptides in these hydrolysates [37]. Taken together, the 
featherback skin hydrolysate could be applied in some 
food products for moderate enhancement of foaming 
feature.
As for emulsifying property, in this study, the highest 
EAI of the skin hydrolysate was observed at an alkaline 

pH (pH 8) (Fig. 5A), while its ESI reached the peak at 
an acidic pH (pH 4) (Fig. 5B). Our previous studies 
also found that the Acetes protein hydrolysate exerted 
the maximum EAI at pH 8 [3, 16]. It could be due to 
the fact that pH 8 converted peptides into their anionic 
forms, enhancing the repulsion forces between peptide 
molecules, benefiting their better orientation at the oil-
water boundary, thus, elevating EAI of the hydrolysate 
[28]. Meanwhile, Tang et al. (2023) [33] unveiled that 
in the acidic conditions, Glu, Asp and other positive 
charge residues in the hydrolysate induced the 
formation of ordered aggregation, ameliorating the 
hydrolysate’s ESI. In comparison to the emulsifying 
characteristic of sodium caseinate, although EAIs of 
the skin hydrolysate were 1.7 - 2.3 folds lower than 
those of sodium caseinate, its ESIs were 1.6 - 5.0 
folds higher than those of sodium caseinate in the pH 
range from 3 to 8. The high ESI of the hydrolysate was 
possibly contributed by its high content of hydrophobic 
amino acids, which boosted hydrophobic interactions 
between the peptides, resulting in the formation of 
a stable protein film around the oil droplets [33]. In 
addition, with a low DH value of 16.9 ± 0.3%, it could be 
predicted that the hydrolysate predominantly contained 
long-chain peptides, which could form a steady and 
continuous network between oil droplets [28, 38]. 

The featherback skin hydrolysate displayed a superior 
ESIs compared to higher DH protein hydrolysates 
originated from Atlantic mackerel by-products (DH= 
45%, ESI = 1.56 min) [36] and Acetes japonicus 
(DH = 69.7%, ESI = 15.35 – 83.19 min) [24]. On the 
other hand, moderate EAIs of the featherback skin 
hydrolysate could be ascribed to its low DH value. As 
reported by Daliri et al. (2021) [28] and Feng et al. (2024) 
[39], the longer and bigger peptides diffused slowly 
into the oil-water interface and exerted poorer activity 
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Fig. 4. FC (A) and FS (B) of the featherback skin protein 
hydrolysate. The same color bars with different 
letters indicate significant differences (p<0.05).

Fig. 5. EAI (A) and ESI (B) of the featherback skin protein 
hydrolysate. The same color bars with different 
letters indicate significant differences (p<0.05).
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in creating the emulsion phase compared to shorter 
and smaller peptides. However, our previous study 
[24] and the study of Vásquez et al. (2022) [40] have 
observed a negative relationship between DH and EAI 
of Acetes japonicus and rainbow trout viscera protein 
hydrolysates, respectively. EAIs of the featherback 
skin hydrolysate in this study were considerably lower 
compared to a higher DH hydrolysate from Atlantic 
mackerel by-products (DH= 45%, EAI = 2.12 m2/g) 
[36] or a lower DH hydrolysate from soy protein (DH 
= 2%, EAI = 3 – 12 m2/g) [41]. As revealed by Tang et 
al. (2023) [33], in addition to DH, emulsifying property 
of peptides were influenced by other factors including 
its hydrophilicity, hydrophobicity, structure, charge and 
amino acid composition. As a whole, the featherback 
skin hydrolysate in this study might be applied to fortify 
some food products to boost their emulsion property.

CONCLUSION
This study demonstrated the potential of featherback 
skin to produce iron-binding hydrolysate, which can be 
considered as a natural iron supplement and emulsifier 
or foaming agent for food product improvement. This 
could enhance the economic value of the by-product 
and support for the discarding the waste from the 
featherback fish cake producers. However, further 
research should be done on identifying iron-binding 
peptides in the hydrolysate as well as their capacity to 
improve iron absorption in the human body.
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