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The effect of ultrasound pretreatment on extraction efficiency of sulfate polysaccharides (SPs) using alcalase from
different by-products of Skipjack tuna including head, bone and skin was evaluated. Structural, functional,
antioxidant and antibacterial properties of the recovered SPs using the ultrasound-enzyme and enzymatic
method were also investigated. Ultrasound pretreatment significantly increased the extraction yield of SPs from
all the three by-products compared with the conventional enzymatic method. All extracted SPs showed high
antioxidant potential in terms of ABTS, DPPH and ferrous chelating activities where the ultrasound treatment
enhanced antioxidant activities of the SPs. The SPs exerted strong inhibiting activity against various Gram-
positive and Gram-negative bacteria. The ultrasound treatment remarkably increased antibacterial activity of
the SPs against L. monocytogenes but its effect on other bacteria was dependent on the source of the SPs. Alto-
gether, the results suggest that ultrasound pretreatment during enzymatic extraction of SPs from tuna by-
products can be a promising approach to improve extraction yield but also bioactivity of the extracted

polysaccharides.

1. Introduction

In the current decade, consumer’s desires have greatly changed to
use food containing the least amounts of chemical additives to improve
their health and lifestyle [1]. As a result, people tend to use dietary
supplements containing bioactive compounds such as sulfated poly-
saccharides, proteins, polyunsaturated fatty acids (PUFAs), pigments
and vitamins isolated from various natural sources including plants [2],
animals [3] and microbial sources [4]. Currently, SPs are usually ob-
tained from pig (skins, hides, and bones) in industrial scales [5]. How-
ever, there are some problems with using pig as a source of SPs such as
the transmission possibility of influenza from pig and religious limita-
tion in some countries [5,6]. Therefore, researcher’s attention has
turned to marine sources such as fish by-products [5,7]. For example,
tuna fish accounts for about 4.6% of total global captured fish annually
which creates a huge volume of by-products including head, viscera, and
tail after processing [8] that usually goes to fish meal production. These
by-products can be however a great candidate to extract SPs [9,10].

Till now, different conventional extraction protocols including sol-
vent [11], supercritical [12], microwave-assisted [13] and ultrasound-
assisted [14] methods have been employed to isolate bioactive
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compounds. Additionally, non-conventional methods which are known
as green methods that are eco-friendly, and non-toxic have been recently
adopted by researchers. More innovative methods can be created by
combining different conventional and non-conventional methods such
as enzyme-ultrasound [15], ultrasonic-microwave [16], microwave-
enzyme [17] assisted methods. This can also provide an opportunity to
optimize quality of SPs since extraction method can play a significant
role in defining different properties of extracted SPs [18,19].
Enzymatic extraction methods have been typically used to recover
sulfated polysaccharides from marine resources [9,20]. In addition to
reducing economic viability, enzyme treatment has also yielded low
extraction rates [18]. Applying ultrasonication can be a promising
approach to increase extraction yield and decrease extraction time by
destruction of the biomass before enzyme treatment [18]. When the
ultrasound process is used the cavitation phenomenon can destroy cell
walls, inducing cell content leakage. This facilitate the access of the
enzyme and the target compounds or its substrate and improve extrac-
tion yield [19]. Previously, Alboofetileh et al. [21], who used three
extraction methods including enzyme, ultrasound, and enzyme-
ultrasound to extract SPs from Nizamuddinia zanardinii, reported that
enzyme-ultrasonic isolated fucoidan showed the highest extraction yield
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(7.87%) while ultrasound by alone resulted in the lowest yield (3.6%).
Also, Liao et al. [15] studied the extraction of polysaccharides from -
Corbicula fluminea by ultrasonic-assisted enzymatic (UAEE) method.
They found that the yield of UAEE in 32 min was higher than that of EAE
in 4 h. However, to the best of our knowledge till now, the use of the
enzyme-ultrasonic extraction method to extract SPs from fish and fish
by-products have been neglected. Therefore, the present study was
aimed to compare the efficiency of an enzymatic method and its com-
bination with ultrasonic in extraction of SPs from the skin, bones, and
head of Skipjack tuna (Katsuwonus pelamis). The effect of the two
extraction methods on physicochemical antimicrobial and antioxidant
properties of the recovered SPs were also evaluated.

2. Material and methods
2.1. Sample collection

Skipjack tuna by-products (skin, bones, and head) were purchased
from a tuna processing company in the Babolsar region of Iran. All parts
of fish by-products were packaged in polyethylene bags and transferred
to the laboratory while they were covered by ice at the ratio of 1:3 fish
by-product to ice approximately. As soon arriving to the lab, the by-
products were cleaned with tap water to remove pigments and packed
in a polyethylene bags and saved at —40 °C until used for extraction of
SPs [5].

2.2. Extraction of sulfated polysaccharide

2.2.1. Conventional enzymatic extraction

The extraction of sulfated polysaccharides from fish by-products
carried out by ethanol precipitation process described by Jridi et al.
[5] with some modifications. In brief, 100 g of ground by-product was
suspended in 100 mL of distilled water. For inactivation of endogenous
enzymes, the mixture was heated at 90 °C for 15 min and kept until its
temperature reached to room temperature. Then, the pH of the mixture
was adjusted to 7.5 and Alcalase® was added to the cooled mixture at a
level of 500 U/g samples and enzymatic proteolysis was continued for
12 h at 50 °C. Then, the mixture was centrifuged at 2800 x g for 30 min
at 4 °C and the supernatant was gathered. The supernatant was
precipitated by absolute ethanol (w/2v) at 4 °C for 12 h and centrifuged
at 2800 x g for 30 min at 4 °C. Finally, the pellets were redissolved in
distilled water and lyophilized to obtain the SPs. The SPs recovered from
Skipjack tuna skin, bones, and head by the enzymatic method named
skin-Esp, bone-Esp, and head-Esp, respectively and those extracted with
ultrasound-enzyme method named skin-UEsp, bone-UEsp, and head-
UEsp, respectively.

2.2.2. Ultrasonic-assisted enzymatic extraction

As before, 100 g of each minced by-product was mixed with 100 mL
of water and treated for 60 min by a 20 kHz ultrasound (UHP-400,
Topsonic, Iran) under 300 W at 37 °C. The length and diameter of the
probe were 14 and 1.3 cm, respectively, of which 5 cm was placed inside
the mixture. The time of the on/off pulses was 6 sec/2 sec. The mixture
was stirred during the process and use ice to keep temperature constant.

2.3. Chemical composition

The phenol-sulfuric acid method at 490 nm with D-fucose as the
standard used to determine the total carbohydrate content [22]. To
measure the content of protein in different extracts, Lowry method with
bovine serum albumin as the standard was used [23]. The BaCl; gelatine
method at 360 nm was used to determine the content of total sulfate
[24]. The m-hydroxybiphenyl method at 525 nm with D-glucuronic acid
as the standard was applied to measure uronic acid content [25].
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2.4. Monosaccharide composition of samples

The monosaccharide composition of different polysaccharides was
determined using the method reported by Alboofetileh et al. [21].
Briefly, 2 M trifluoroacetic acid (TFA) was added to the samples and
incubated for 2 h at 121 °C to hydrolyse the SPs. Then, TFA evaporated
by a dried stream of nitrogen at 50 °C. The sodium borohydride and
acetic anhydride were used to reduce and acetylate the hydrolysed
samples. The final products were analysed by gas chromatography-mass
spectrometry (GC-MS). Glucuronic acid, galacturonic acid, mannose,
rhamnose and xylose were applied as a monosaccharide standard. The
results were reported as the relative area of the peaks.

2.5. Molecular weight distribution

A HPSEC-UV-MALLS-RI system (high-performance size exclusion
chromatography column coupled to UV, multi-angle laser light scat-
tering, and refractive index detection) was used to determine the mo-
lecular weight of the extracted SPs. The sample preparation and
determination of the average molecular weight (Mw) of sulfated poly-
saccharides was performed as previously reported by Alboofetileh et al.
[26].

2.6. FT-IR spectroscopy

After mixing SPs with KBr, the powdered mixtures were loaded into
the testing cell. The spectra of the samples were read at 400-4000 cm ™!
region using a Fourier transform IR spectrophotometer (Bruker In-
struments, Billerica, USA) to detect functional groups [5].

2.7. Differential scanning calorimetry (DSC) analysis

The method developed by Trigui et al. [27] was used to assess the
glass transformation temperatures of the SPs. Herein, 5 mg of each
polysaccharide sample was settled in a standard aluminium lid and
heated at a temperature range of 25-200 °C at a rate of 5 °C/min under a
nitrogen protection atmosphere.

2.8. X-ray diffraction

The method described by Trigui et al. [27] were applied to determine
the X-ray diffraction (XRD) pattern of crude polysaccharides with 26
ranging from 2°-80° at room temperature using a X-ray diffractometer
(Siemens D 5000, Bruker, Germany). The step size and time per step
were 0.02° and 5 sec/step, respectively.

3.1. Functional properties of extracted SPs
3.1.1. Foaming properties of SPs

The foaming properties of sulfated polysaccharides were evaluated
following the reported protocol by Yuan et al. [28]. First, 5 mL of each
SPs solution at a concentration of 1% w/v was homogenized for 3 min at
2000 rpm at room temperature and the height of the generated foam was
measured and its foaming capacity (FC) was calculated using equation
(1). To determine foam stability (FS), the whipped solution was left for
30 min at room temperature and its height was measured again and FS
was calculated using equation (2).

FC(%) = (VT —V0/V0) x 100 b}

FS(%) = (Vt—V0/V0) x 100 (2)

Here, V7 is the total volume after whipping; Vy is the volume before
whipping and Vt is the total volume after leaving at room temperature
for 30 min.
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3.1.2. Emulsifying activities of SPs

Emulsifying properties of SPs were assessed in the presence of sun-
flower oil and soybean oil [29]. Briefly, a 1 % (w/v) solution of SPs
combined with sunflower oil and soybean oil, and vibrantly vortexed for
2 min. Then, the mixture was left for 24 h and emulsification index (E24)
calculated using equation (3).

Ey = (H,/H,) x 100 3

Here, H, and H; are the height of the emulsion layer and the total
height of the mixture, respectively.

3.2. Determination of antioxidant activities of SPs
3.2.1. DPPH scavenging activity of SPs

DPPH scavenging activity was measured using the method described
by Alboofetileh et al. [30]. In summary, approximately 100 pL of each
sample solution with concentration of 0.5, 1, 1.5, and 2 mg/mL was
transferred into 96-well microplates and 100 pL of DPPH solution was
added to each well. Then, the mixture was incubated for 30 min in the
dark place at room temperature. Finally, the absorbance of the solution
was read by an ELISA microplate reader at 515 nm. Ascorbic acid (100
pg/mL) was used as a positive control. The following equation was used
for calculating the DPPH radical scavenging activity:

DPPH scavenging activity % = [ Ac — — As/Ac] x 100 @

where Ac is the absorbance of the control (100 pL of ethanol with 100 pL
of the DPPH solution) and as the absorbance of sulfated polysaccharides
sample solution.

3.2.2. ABTS scavenging activity of SPs

ABTS scavenging activity of the SPs was tested according the method
of Saravana et al. [29] with slight modifications. Briefly, SPs were pre-
pared in serial dilutions including several concentrations (0.5, 1, 1.5 and
2 mg/mL). Then, ABTS radical cation was prepared by mixing 7 mM
ABTS in 2.45 mM potassium persulfate and incubated for 16 h in a dark
place at room temperature. After that, the ABTS solution was diluted by
ethanol until the absorbance of the ABTS solution reached 0.7 at 734
nm. The ABTS scavenging activity of the different dilutions of SP was
determined by transferring 50 pL of the prepared samples into 96-well
microplates. After that, 150 pL of ABTS solution was added to each
well and incubated at darkness for 20 min. Finally, an ELISA microplate
reader was used to measure the absorbance of samples at 734 nm.
Ascorbic acid (100 pg/mL) was used as a positive control. The ABTS
radical scavenging activity was calculated using the following equation:

ABTS scavenging activity % = [Ac — —As/Ac] x 100 5)

where Ac was the absorbance of the control (50 pL of ethanol with 150
pL of the ABTS solution), and As was the absorbance of SP solutions. The
experiments were carried out in triplicate.

3.2.3. Ferric reducing power of SPs

This test was carried out according the method described by Jridi
et al. [9]. 100 pL of each SP solutions at different concentrations of 0.5,
1, 1.5, and 2 mg/mL was added to 50 pL of 2 mM FeCl, and 450 pL of
distilled water. The mixtures were incubated at room temperature for 5
min and 200 pL of 5 mM ferrozine solution was added to start the re-
action. After shaking the mixtures, they were incubated at room tem-
perature for 10 min. EDTA was used as a positive control. Finally, the
absorbance of different solutions was measured at 562 nm, and the
chelating activity (%) was calculated using equation (6):
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Ferric reducing power(%) = [(ODC + ODB — ODS)/ODC] x 100 (6)

where ODC, ODB and ODS represent the absorbance of the control, the
blank and the sample reaction tubes, respectively. The experiments were
carried out in triplicate.

3.3. Antibacterial activity of SPs
3.3.1. Bacterial strains

The stocks of two Gram-positive bacteria (Staphylococcus aur-
eus and Listeria monocytogenes) and two Gram-negative bacteria
(Escherichia coli and Salmonella enterica) were purchased from Pastor
institute of Iran. Each bacterial strain was mixed with tryptic soy broth
(TSB) supplemented with 30% glycerol and kept at —20 °C until use.
Before inoculation of the bacteria, all the used bacteria were cultured in
10 mL TSB at 37 °C for 24 h. Then, the culture medium was centrifuged
at 3400 rpm for 10 min to separate the grown bacteria from the medium.
Next, they were washed with 0.85% NaCl solution and centrifuged twice
for 15 min at 3400 x g. Finally, to adjust the concentration of bacteria
tol x 108 CFU/mL, we used NaCl (0.85%) suspension as diluter until the
optical density (OD) of a bacterial suspension at 600 nm reached 0.1.
The suspension was then diluted to provide a cell concentration of 1 x
10° CFU/mL.

3.3.2. Agar diffusion method

Antibacterial activity of SPs was evaluated against the Gram-positive
(Staphylococcus aureus and Listeria monocytogenes) and Gram-negative
bacteria (Escherichia coli and Salmonella enterica) as described by Jiang
et al. [2]. All bacterial strains (a density of 1 x 10° CFU/mL) were
uniformly swabbed on the surface of the Tryptic Soy Agar medium.
Then, punched discs, which were sterilized at 121 °C for 30 min, soaked
by 20 uL of different concentrations (1 and 2 mg/mL) of SPs. After that,
the discs were put on the surface of the plates. The plates were incubated
at 37 °C for 24 h and the inhibition zone was measured (data expressed
as mm). All the experiments were carried out in triplicate.

3.4. Statistical analysis

One-way ANOVA and Duncan’s test (p < 0.05) were used to deter-
mine the differences in various evaluated tests of SPs.

4. Results and discussion
4.1. Effect of extraction methods on the yield of crude SPs

The extraction yields and composition of SPs obtained by ultrasound-
enzyme or enzyme extraction methods from skin, bones, and head of
Skipjack tuna are shown in Table 1. The obtained amounts of SPs by the
enzyme-assisted extraction method from head, skin, and bone were
2.42%, 3.1%, and 2.61% (based on wet weights), respectively, while
extraction yield for those extracted by ultrasound-enzyme extraction
method were 3.01%, 3.57%, and 2.93%, respectively (p < 0.05). It is
generally known that the origin of raw material is the main factor
defining extraction yield of SPs varying between 0.1% and 8.9% among
different biomasses [31]. Besides, it is well known that the poly-
saccharide extraction yield is greatly influenced by the extraction
methods [19,32]. As shown in Table 1, the ultrasound-enzyme extrac-
tion method was more effective than the enzyme method in extraction of
SPs regardless of the used by-product. This can be explained by the fact
that when the mixture is sonicated, the biomass is disintegrated by the
cavitation which facilitates the activity of the enzyme [19,33]. The
extraction yield of SPs from Bullet tuna (Auxis Rochei) by-products were
1.3%, 0.93%, and 3.74% for head, skin, and bone, respectively as
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Table 1
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Chemical and monosaccharide compositions of polysaccharides extracted from Skipjack tuna by-products (skin, bones and head) using ultrasound-enzyme or enzyme

extraction method.

Skin Bone Head
Bullet tuna by-product parts Ultrasound-Enzyme Enzyme Ultrasound-Enzyme Enzyme Ultrasound-Enzyme Enzyme
Yields (%) 3.57 £0.43* 3.10 £0.22 % 2.93 +0.14° 2.61 £0.16 ™ 3.01 £0.13" 2.42 + 0.37°
Total sugars (%) 53.66 + 1.16 *° 52.44 + 0.63" 55.16 £ 1.75 55.44 +1.41° 51.77 + 1.25° 49.11 £+ 1.57¢
Proteins (%) 19.45 +1.44? 17.65 +1.19 18.14 + 0.98 * 17.86 + 0.80 * 15.17 + 0.56° 15.34 + 1.6°
Uronic acid (%) 8.19 +£0.24 7 7.14 + 0.67° 7.96 + 0.16 *® 7.12 + 0.22° 5.06 + 0.49°¢ 4.20 + 0.62¢
Sulfates (%) 8.02 £0.16 ¢ 6.80 £ 0.41¢ 19.93 +0.49 ° 18.41 + 0.78" 18.16 £ 0.53" 14.23 + 1.27°
Monosaccharides
Rhamnose (%) 15.9 16.4 15.3 16.3 13.4 12.3
Xylose (%) 16.6 17.3 17.1 16.2 31.6 33.8
Mannose (%) 17.3 18.7 16.8 17.3 24.3 23.7
GlcA (%) 24.5 23.2 25.9 24.5 25.8 24.9
GalA (%) 25.7 24.4 249 25.7 4.9 5.6

GlcA (glucuronic acid) and GalA (galacturonic acid). Data are calculated based on wet weights. a,b Different letters in the same raw indicate significant differences (p

< 0.05). * % of dry weight.

reported by Jridi et al. [5] which showed slight difference with our re-
sults. Further, extraction yield of SPs from the skin of Mustelus muste-
lus by ethanol precipitation was also 2.9% [7]. Interestingly, a similar
result was obtained by Alboofetileh et al. [21] who extracted SPs
from Nizamuddinia zanardiniiby enzyme, ultrasound, and enzyme-
ultrasound methods, where the highest yield SPs was obtained using
the enzyme-ultrasound method with 7.87%. Based on the present re-
sults, it can be concluded that application of ultrasound during enzy-
matic extraction of SPs can promote extraction efficiency of SPs from
fish by-products.

4.2. Chemical and molecular characterization of SPs

Protein contents of SPs were found to be 19.45%, 17.65%, 18.14%,
17.86%, 15.17%, and 15.34% for skin-UEsp, skin-Esp, bone-UEsp, bone-
Esp, head-UEsp, and head-Esp, respectively. In most cases, ultrasound
pre-treatment increased the protein content of SPs. However, previous
studies have reported that the protein content of SPs obtained from fish
by-products is very diverse which could be related to the nature of the
source biomass used for extraction of SPs [9,15]. Uronic acid contents of
SPs are shown in Table 1. SPs extracted by the Ultrasound-Enzyme
method showed higher uronic acid content than those obtained by the
enzyme method (p < 0.05). The highest content of uronic acid was found
in skin-UEsp, while the lowest one was in head-Esp which was in line
with the results obtained in previous studies [5,9]. The sulfate contents
of SPs were varying significantly from 8.02% to 19.93 % (p < 0.05), and
bone-UEsp and skin-UEsp showed the highest and the lowest values,
respectively. The nature of the material and type of extraction are
known as key factors affecting on the sulfate content of SPs [20,34].
Similarly, Jridi et al. [5] reported the highest sulfate content in SPs from
head while the lowest content was related SPs from the skin of Bullet
tuna. A number studies have stated that the increase of sulfate content in
sulfated polysaccharides could enhance its bioactivity [34,35].

4.3. Monosaccharide composition

The monosaccharide composition of different SPs are displayed in
Table 1. All samples showed a mixed composition, with high content of
xylose, mannose, and glucuronic acid (GlcA), showing some differences
in the content of monosaccharides among the SPS. Ultrasound

pretreatment could increase the content of rhamnose (in the obtained
sulfated polysaccharide of skine and bone), xylose (in the obtained
sulfated polysaccharide of skine and head), mannose (in the obtained
sulfated polysaccharide of skine and bone), glucuronic acid (in the ob-
tained sulfated polysaccharide of skine and bone), and galacturonic acid
(in the obtained sulfated polysaccharide of bone and head). The present
results are in line with those reported by Jridi et al. [5], who studied the
effect of cetylpyridinium chloride (CPC) or ethanol precipitation on
different features of polysaccharides extracted from Bullet tuna (Auxis
Rochei) by-products, and documented that the bioactivity of sulfated
polysaccharides depends on the monosaccharide contents in glycos-
aminoglycans (GAGs). All used standard monosaccharides in the present
work were also seen in the study conducted by Abdelhedi et al. [7], who
also showed CPC precipitation was more effective in precipitating GlcA
and GalA from smooth-hound viscera than ethanol. Moreover, it has
been previously reported that the content of monosaccharides in the SPs
from different parts of fish or marine animal is affected by the organ of
origin or the extraction method [5,7]. As reported by Chen et al. [36],
ultrasonic treatment of polysaccharides during extraction caused
changes in the molecular ratio of monosaccharides.

4.4. Molecular weight of SPs

Fig. 1a shows the superimposed RI chromatograms for the extracted
SPs. All the SPs had one main peak at the elution time of 50 min which
its intensity was different among the SPs. The molecular weight of SPs
from bone-Esp, bone-UEsp, head-Esp, head-UEsp, skin-Esp, and skin-
UEsp was 46.25 kDa, 45.65 kDa, 35.8 kDa, 33.5 kDa, 20.6 kDa, and
19.1 kDa, respectively. As can been seen, type of by-product has a big
impact on the molecular wright of extracted SPs where bone resulted in
SPs with the highest molecular weight followed by head and skin. Ul-
trasound treatment also resulted in SPs with slightly lower molecular
weight compared with SPs recovered with the enzyme treatment by
alone from each by-product. The molecular weight of all extracted SPs
was lower than those reported by Jridi et al. [5], who extracted SPs from
Bullet tuna (Auxis Rochei) by-products by enzymatic method. Souissi
et al. [35] extracted SPs from razor clam, Solen marginatus, and re-
ported two major peaks at 1075 kDa and 237.9 kDa for the recovered
SPs. It has been reported that the molecular weight of polysaccharides
can be dependent on the extraction process, purification techniques, and
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Fig. 1. A RI chromatograms of extracted sulfated polysaccharides from Skipjack tuna by-products (skin, bones and head) using ultrasound-enzyme or enzyme
extraction method. bone-Esp: the sulfated polysaccharide extracted by enzyme-assisted extraction method from bone; bone-UEsp, the sulfated polysaccharide
extracted by ultrasound-enzymatic extraction method from bone, head-Esp: the sulfated polysaccharide extracted by enzyme-assisted extraction method from head,
head-UEsp: the sulfated polysaccharide extracted by ultrasound-enzymatic extraction method from head, skin-Esp: the sulfated polysaccharide extracted by enzyme-
assisted extraction method from skin, skin-UEsp: The sulfated polysaccharide extracted by ultrasound-enzymatic extraction method from skin. 1b. FT-IR Spectra of
extracted sulfated polysaccharides from Skipjack tuna by-products (skin, bones and head) using ultrasound-enzyme or enzyme extraction method.

deproteinization treatment [21,35]. As compared to enzymatic extrac-
tion based on Liao et al. [15] ultrasound-enzymatic extraction signifi-
cantly reduced the average molecular weight of polysaccharides
extracted from Corbicula fluminea. A study by Cheung et al. [37]
revealed that ultrasound extraction of polysaccharide-protein com-
plexes from Grifola frondosa, Coriolus versicolor, and Lentinus edodes
increased the peak area and the number of lower-molecular weight
peaks or shifted the molecular weight distribution from high to low
molecular weight compared to a common extraction method, which was
in parallel with our results. Additionally, Li et al. [38] reported that
polysaccharides’ molecular weight decreased after overheating and
overtreatment with ultrasonic energy.

4.5. FT-IR spectroscopy

The structure of extracted sulfated polysaccharides and their func-
tional groups are distinguished via FT-IR spectroscopy at 4000-400
cm ™! region (Fig. 1 b). As shown in the FT-IR spectra of SPs, there was a
typical wide-stretching peak related to a hydroxyl group of carbohy-
drates at 3400 cm™!. The weak peak around 2900 cm ™! were related to
the C-H stretching and bending vibrations representing the fucose
methyl group [34,39]. The presence of bonds related to the asymmetric
stretching vibration of —COO- was confirmed by a peak around 1600
cm ™, and also the C-O-C bond was related to the presence of uronic acid
[6,9,39]. Moreover, the stretching vibrations around 1200 cm~! and
584 cm™! are attributed to the S-O sulfate group [6,9,40]. In addition,
the signals observed at around 1030 cm ™! are assigned to the symmetric
of an ether sulfate group (RO-SO 3y [35]. Besides, C-O bond was
observed at 1450 cm™' [9]. Based on the obtained results from the
infrared spectra of SPs, it was clear that all extracts showed a little dif-
ference in infrared spectra but there was no big impact from ultrasound
treatment on the structure of extracted SPs [31]. This result was in
agreement with the results reported by Olawuyi et al. [19] who
extracted polysaccharides from okra by enzyme-assisted, combined
enzyme-ultrasonic methods, hot-water, and ultrasonic methods. They
found that the same peak shape was observed in all extracted poly-
saccharides, indicating that extraction methods had no effect on struc-
tural conformation.

4.6. Differential scanning calorimetry (DSC) analysis

Fig. 2, shows DSC results for polysaccharides obtained from different
tuna by-products using the two extraction methods. As can be seen,
extraction method affected on thermal properties of SPs resulting in
different thermographs in SPs extracted from similar by-products but
using different extraction methods. At the beginning of heating process,
a decrease at heat flow of the SPs at 100 °C occurred which could be due
to the evaporation of water in the samples. Also, a different enthalpy was
observed for each sample which should be related to differences in
chemical structure of the samples and their hydrophilic groups [35,41].
With further increase in temperature, another peak appeared for all
samples at around 200 °C which should be related to the melting tem-
perature of the samples. The changes that are observed in the DSC
graphs of extracted SPs are due to variances in the moisture content and
different structures of the polysaccharides, which have been caused by
the extraction process [41,42]. According to the DSC curves, apparent
AH indicates the energy required to disrupt hydrogen bonds within
junction zones [43]. For example, higher AH can be attributed to
stronger carbohydrate-water interactions and better microstructures
[43]. All the SPs recovered with the aid of ultrasound pretreatment
showed lower AH compared with their counterparts recovered without
ultrasournd. The lower AH of the untrasound treated samples may be
due reduction of structural stability of the SPs resulted in a lower ther-
mal stability [43]. This is also in line with the lower molecular weight
measured in the SPs produced with the aid of ultrasound (see Fig. 1a).

4.7. X-ray diffraction

The XRD technique is a powerful tool for unraveling polysaccharide
structures. In this method, crystalline structures of materials are
analyzed [2]. As depicted in the XRD graph, there is a peak at 20°which
is sharper and more clear in some of the SPs but it appeared wider in
some other SPs (Fig. 3). Fig. 3 indicates that all SPs were amorphous
polymers because their peak regions were around angle 20 [2]. Addi-
tionally, they are semicrystalline polymers with low crystallinity [29].
Some differences can be seen in the in the intensity of the peak at 20°but
it was very much dependent on the source of extraction resulting in
difference effect from ultrasound too. This makes drawing a conclution
about the effect of ultrasound of crystalin structure of the SPs difficult
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Fig. 2. DSC thermographs of extracted sulfated polysaccharides from Skipjack tuna by-products including (a) head-Esp, (b) head-UEsp, (c) skin-Esp, (d) skin-UEsp,
(e) bone-Esp and (f) bone-UEsp. bone-Esp: the sulfated polysaccharide extracted by enzyme-assisted extraction method from bone; bone-UEsp, the sulfated poly-
saccharide extracted by ultrasound-enzymatic extraction method from bone, head-Esp: the sulfated polysaccharide extracted by enzyme-assisted extraction method
from head, head-UEsp: the sulfated polysaccharide extracted by ultrasound-enzymatic extraction method from head, skin-Esp: the sulfated polysaccharide extracted
by enzyme-assisted extraction method from skin, skin-UEsp: The sulfated polysaccharide extracted by ultrasound-enzymatic extraction method from skin.
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Fig. 3. XRD graph of extracted sulfated polysaccharides from Skipjack tuna by-
products (skin, bones and head) using ultrasound-enzyme or enzyme extrac-
tion method.

since the peak intensity increased in the SPs from skin with ultrasound
treatment while it decreased in the SPs from head and bone with ul-
trasound. Consequently, these structural arrangements directly affect
various properties of SPs such as tensile strength, flexibility, solubility,
swelling and dispersibility [12,29].

4.8. Functional properties of extracted SPs

4.8.1. Foaming capacity and foam stability

Generally, the definition of foam is the diffusion of the dispersed
phase (usually air) into a continuous phase. The foaming properties of
food agents such as polysaccharides and proteins play an important role
in food technology [38,46]. According to previous reports,

polysaccharides have a good hydrophilic property which can help to
remain in the aqueous sub-phase [27]. Foaming capacity and foam
stability of showed a significant difference in all treatments (p < 0.05)
(Fig. 4). SPs from head using enzyme-ultrasound method displayed the
highest value of foaming capacity and foam stability. It was found that
ultrasound pretreatment enhanced the foaming capacity of sulfated
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Fig. 4. Foaming properties of extracted sulfated polysaccharides from Skipjack
tuna by-products (skin, bones and head) using ultrasound-enzyme or enzyme
extraction method. The results were expressed as mean value + SD (n = 3).
Different letters within the same figure mean statistical difference (p < 0.05).
bone-Esp: the sulfated polysaccharide extracted by enzyme-assisted extraction
method from bone; bone-UEsp, the sulfated polysaccharide extracted by
ultrasound-enzymatic extraction method from bone, head-Esp: the sulfated
polysaccharide extracted by enzyme-assisted extraction method from head,
head-UEsp: the sulfated polysaccharide extracted by ultrasound-enzymatic
extraction method from head, skin-Esp: the sulfated polysaccharide extracted
by enzyme-assisted extraction method from skin, skin-UEsp: The sulfated
polysaccharide extracted by ultrasound-enzymatic extraction method
from skin.
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polysaccharide from the head and bone, whereas it decreased the
foaming capacity of skin samples. According to previous reports,
foaming properties were strongly related to molecular weight; lower
molecular weights had better foaming properties [31,40]. As can be seen
from the molecular weight results, ultrasound pretreatment could
decrease the molecular weight of the sulfated polysaccharides bone and
head. This would confirm the obtained results in foam capacity prop-
erties. Li et al. [38], who evaluated the effects of ultrasound-assisted
extraction on the physicochemical properties of the polysaccharides
from Pholiota nameko showed that the foaming capacity increased by
increasing the ultrasonic treatment time.

4.8.2. Emulsifying properties

Emulsifying properties is related to the surface activities of poly-
saccharides. Because of the great surface activities of polysaccharides,
they have been drowning attention by the food and cosmetic industry
[27,46]. The emulsifying activities of extracted SPs against sunflower oil
and soya bean oil are shown in Fig. 5. Interestingly, extracted SPs from
varying parts of fish by-products using different treatments showed
excellent emulsifying properties. Ranging from 64.81 % to 79.19 %, the
lowest and highest emulsifying capacities were observed in head-UEsp
with soya bean oil and skin-Esp with sunflower oil, respectively (p >
0.05). SPs extracted with the aid of ultrasound pretreatment showed
slightly highier emulsifying capacity than their counterpart obtained
without it but it was not statistically significat. This could be also related
to the lower molecular weight of the SPs extacted with ultrasound. Prior
studies have mentioned that the emulsifying activity of polysaccharides
is associated with some chemical features of polysaccharides such as the
acetyl group contents, the neutral sugar composition as well as the
protein content of polysaccharide too [19,27].

4.9. Antioxidant activity of SPs

4.9.1. DPPH free radical-scavenging activity
As shown in Fig. 6, all SPs were capable of donating protons to DPPH
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Fig. 5. Emulsifying properties of extracted sulfated polysaccharides from
Skipjack tuna by-products (skin, bones and head) using ultrasound-enzyme or
enzyme extraction method. The results were expressed as mean value + SD (n
= 3). Different letters within the same figure mean statistical difference (p <
0.05). bone-Esp: the sulfated polysaccharide extracted by enzyme-assisted
extraction method from bone; bone-UEsp, the sulfated polysaccharide extrac-
ted by ultrasound-enzymatic extraction method from bone, head-Esp: the
sulfated polysaccharide extracted by enzyme-assisted extraction method from
head, head-UEsp: the sulfated polysaccharide extracted by ultrasound-
enzymatic extraction method from head, skin-Esp: the sulfated polysaccharide
extracted by enzyme-assisted extraction method from skin, skin-UEsp: The
sulfated polysaccharide extracted by ultrasound-enzymatic extraction method
from skin.
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free radicals which increased dose-dependently. Also, among all ob-
tained SPs, the highest DPPH free radical-scavenging activity was seen at
the concentration of 2 mg/mL as following skin-Esp > head-UEsp >
head-Esp > bone-UEsp > bone-Esp > skin-UEsp (p > 0.05). Interest-
ingly, SPs from head and bone treated with ultrasound showed higher
DPPH scavenging activity than those extracted with the enzyme treat-
ment by alone at lowe concentrations but this was not seen for SPs from
skin. Ultrasound pre-treatment was able to reduce the molecular weight
in all treatments but it resulted in an increased sulfate content only in
SPs from head and bone which might explain the differences [31,40]. It
has been previously reported that sulfate content, molecular weight as
well as the molar ratio of sulfate content to fucose are effective on the
antioxidant activity of SPs [30,48]. Similarly, Li & Wang [15] previously
reported that ultrasound-enzyme extraction enhances the antioxidant
properties of polysaccharides. SPs extracted from cuttlefish skin and
muscle by Jridi et al. [9] showed higher DPPH radical scavenging ac-
tivity than those extracted in this study.

4.9.2. ABTS antioxidant activity

ABTS has been widely applied to estimate the antioxidant capacity of
bioactive compounds [19,49]. As shown in Fig. 7, a wide- range of 3.11
% to 81.66 % of ABTS activity was obtained for the SPs extracted from
the tuna by-products. The most powerful ABTS activity was observed in
bone-UEsp at 2 mg/mL, while the lowest ABTS activity was measured at
0.5 mg/mL of the skin-Esp. Ultrasonication showed varying effects on
the ABTS activity of extracted SPs depending on the constration of the
SPs and their source which could be associated with differences in the
nature of the used by-product [19]. It has been previously reported that
the antioxidant properties of SPs extracted from various sources are
extremely affected by their structural characters including molecular
weight, conformation and monosaccharides composition [7,50]. This is
in line with the large variation observed in the chemical structure of SPs
recovered from the different by-products and with the two methods
making explaination of the findings difficult.

4.9.3. Ferrous chelating activity

The reaction of Fe™2 with hydrogen peroxide (H,0,) leads to crea-
tion of reactive oxygen species (ROS). This reaction happens by Fenton’s
reaction. The ferrous chelating test is used to assess the antioxidant
capacity of bioactive compounds in which the intensity of the purple
color of the complex is decreased by adding antioxidant compounds to
the ferrozine solution [9,50]. The results of the ferrous chelating activity
of extracted SPs are shown in Fig. 8, The highest ferrous chelating ac-
tivity was in head-UEsp at 2 mg/mL and the lowest of that was seen for
bone-Esp at 0.5 mg/mL [9,50]. As shown in the results, the ultrasound-
enzyme extraction method could enhance the ferrous chelating activity
of SPs compared to the enzyme extraction method. Jridi et al. [9] re-
ported that the sulfation of polysaccharides enhanced their chelating
capabilities.

4.10. Antibacterial activity

Today, there are serious concerns about bacterial infections in
developing countries. The increased resistance of bacteria against a wide
range of popular antibiotics is also increasing [51]. Here, two Gram-
positive (S. aureus and L. monocytogenes) and two Gram-negative (E.
coli and S. enterica) bacteria were used to assess the antibacterial ac-
tivity of SPs, and the results are shown in Table 2. The polysaccharides
presented different levels of antibacterial activity against the tested
strains. Application of ultrasound treatment to extract SPs from tuna by-
products improved the antibacterial activity of the extracted SPs from all
by-products against L. monocytogenes and S. aureus (p < 0.05). It may be
due to the highier content of sulphur groups in SPs after ultrasound
treatment. All the SPs showed antibacterial activity against E. coli (p <
0.05) but it was dose depended. The pretreatment with ultrasound
resulted in a slight increase in antibacterial activity of all SPs
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against E. coli, except those from bone. In contrast, ultrasound treatment
decreased antibacterial activity of SPs from bone againstS. enterica.
Jridi et al. [5] reported that the antibacterial activity of polysaccharides
obtained from Bullet tune bones was higher than 16 mm againstS.
aureus, M. luteus, B. cereus, K. pneumoniae, and S. enterica, and also a
wide range of antibacterial activity was seen against S. aureus, B. cereus,
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Fig. 6. DPPH free radical-scavenging activity of extracted sulfated
polysaccharides Skipjack tuna by-products (skin, bones and head)
using ultrasound-enzyme or enzyme extraction method. The re-
sults were expressed as mean value + SD (n = 3). Different letters
within the same figure mean statistical difference (p < 0.05). The
capital letters show the difference between various samples in
similar concentrations. The small letters show the difference be-
tween various concentrations of the same samples. bone-Esp: the
sulfated polysaccharide extracted by enzyme-assisted extraction
method from bone; bone-UEsp, the sulfated polysaccharide
extracted by ultrasound-enzymatic extraction method from bone,
head-Esp: the sulfated polysaccharide extracted by enzyme-
assisted extraction method from head, head-UEsp: the sulfated
polysaccharide extracted by ultrasound-enzymatic extraction
method from head, skin-Esp: the sulfated polysaccharide extracted
by enzyme-assisted extraction method from skin, skin-UEsp: The
sulfated polysaccharide extracted by ultrasound-enzymatic
extraction method from skin.

Fig. 7. ABTS scavenging activity of extracted sulfated polysaccharides
Skipjack tuna by-products (skin, bones and head) using ultrasound-
enzyme or enzyme extraction method. The results were expressed as
mean value + SD (n = 3). Different letters within the same figure
mean statistical difference (p < 0.05). The capital letters show the
difference between various samples in similar concentrations. The
small letters show the difference between various concentrations of the
same samples. bone-Esp: the sulfated polysaccharide extracted by
enzyme-assisted extraction method from bone; bone-UEsp, the sulfated
polysaccharide extracted by ultrasound-enzymatic extraction method
from bone, head-Esp: the sulfated polysaccharide extracted by
enzyme-assisted extraction method from head, head-UEsp: the sulfated
polysaccharide extracted by ultrasound-enzymatic extraction method
from head, skin-Esp: the sulfated polysaccharide extracted by enzyme-
assisted extraction method from skin, skin-UEsp: The sulfated poly-
saccharide extracted by ultrasound-enzymatic extraction method from
skin.

Fig. 8. Ferrous chelating activity of extracted sulfated polysaccharides
Skipjack tuna by-products (skin, bones and head) using ultrasound-
enzyme or enzyme extraction method. The results were expressed as
mean value + SD (n = 3). Different letters within the same figure mean
statistical difference (p < 0.05). The capital letters show the difference
between various samples in similar concentrations. The small letters show
the difference between various concentrations of the same samples. bone-
Esp: the sulfated polysaccharide extracted by enzyme-assisted extraction
method from bone; bone-UEsp, the sulfated polysaccharide extracted by
ultrasound-enzymatic extraction method from bone, head-Esp: the
sulfated polysaccharide extracted by enzyme-assisted extraction method
from head, head-UEsp: the sulfated polysaccharide extracted by
ultrasound-enzymatic extraction method from head, skin-Esp: the sulfated
polysaccharide extracted by enzyme-assisted extraction method from skin,
skin-UEsp: The sulfated polysaccharide extracted by ultrasound-enzymatic
extraction method from skin.

M. luteus, S. enterica, K. pneumoniae, E. coli, Enterobacter for SPs
extracted from the skin, bone, and head of Bullet tuna. Li & Shah [52]
showed that the introduction of sulfates onto polysaccharides can
enhance their capability to disrupt cell walls and cytoplasmic mem-
branes, leading to the dissolution of the proteins and leakage of essential
molecules from bacteria resulting in cell death. Besides, there is a more



S. Naghdi et al.

Ultrasonics Sonochemistry 95 (2023) 106385

Table 2
Antibacterial activity of sulfated polysaccharides extracted from Skipjack tuna by-products using enzymatic and ultrasound-enzymatic methods.
by-products head-Esp head- bone-Esp bone- skin-Esp skin-
Strains UEsp UEsp UEsp
1mg/mL 2 mg/mL 1 mg/mL 2 mg/mL 1mg/mL 2 mg/mL 1 mg/mL 2 mg/mL 1 mg/mL 2 mg/mL 1mg/mL  2mg/mL
S. aureus 0.67 + 1.67 + 2.67 + 2.00 + 1.83 + 1.67 + 2.67 + 1.50 + 217 + 1.83 + 3.83 £ 2.83 £
0.58" 0.76" 1.15° 1.50 0.58" 0.58 % 0.29° 0.50 *° 0.58° 0.29 *° 0.29° 0.76
L. monocytogenes non 1.50 + non 1.67 £ non 1.67 + 1.33 £ 2.00 + 117 + 2.67 + 1.33 £ 2.83 +
0.50° 0.68 ¢ 0.76 ¢ 0.29? 0.87 *° 1.26° 0.29 *° 0.29? 0.29?
E. coli 1.50 + 2.50 £ 1.67 £ 2.67 + 1.33 £ 1.67 £ 1.67 £ 1.50 + 2.50 + 3.50 £ 2.83 £ 3.50 £
0.50° 0.50 * 0.58 ¢ 0582 0.58° 0.58 ¢ 0.58 ¢ 0.50° 0.50 * 0.50 0.29° 0.50*
S. enterica 0.33 + 0.67 + 0.33 + 0.67 + 0.33 + 1.67 + non 1.50 + 1.33 £ 1.83 + 1.33 + 2.83 +
0.58" 0.58" 0.58" 1.15° 0.58" 0.58 % 0.50 *° 0.58? 0.29 *° 0.58?* 0.76

bone-Esp: the sulfated polysaccharide extracted by enzyme-assisted extraction method from bone; bone-UEsp, the sulfated polysaccharide extracted by ultrasound-
enzymatic extraction method from bone, head-Esp: the sulfated polysaccharide extracted by enzyme-assisted extraction method from head, head-UEsp: the
sulfated polysaccharide extracted by ultrasound-enzymatic extraction method from head, skin-Esp: the sulfated polysaccharide extracted by enzyme-assisted

extraction method from skin, skin-UEsp: The sulfated polysaccharide extracted by ultrasound-enzymatic extraction method from skin.

demand to evaluate the influence of polysaccharide chemical composi-
tion on the antimicrobial activity, and also bacterial strain type and how
bacteria characters can lead to differences in the microbial activity of
compounds [51,53].

5. Conclusions

The effect of ultrasound pretreatment on extraction efficiency of SPs
using alcalase from different by-products of Skipjack tuna and their
structural, functional and biological activities was evaluated. The
highest extraction yield, total sugar, proteins, uronic acid and sulfate
were measured in skin-UEsp, bone-Esp, skin-UEsp, skin-UEsp, and bone-
UEsp, respectively. FTIR, XRD, and DSC analysis revealed that the
extraction process affects on structural properties of SPs from tuna by-
products. The extracted SPs showed good foaming properties and
great emulsifying capabilities. All extracted SPs showed high antioxi-
dant potential in terms of ABTS, DPPH and ferrous chelating activities
where ultrasound treatment enhanced antioxidant activity of the SPs.
The SPs exerted significant inhibiting activity against various Gram-
positive and Gram-negative bacteria. Ultrasound treatment increased
antibacterial activity of the SPs against L. monocytogenes. Finally, the
results of the present study showed that using ultrasound pretreatment
during enzymatic extraction of SPs from tuna by-products can be a
promising approach to improve extraction yield SPS but also their
bioactivity.

CRediT authorship contribution statement

Shahab Naghdi: Investigation, Methodology, Formal analysis,
Writing — original draft. Masoud Rezaei: Supervision, Project admin-
istration, Conceptualization, Resources, Writing — review & editing.
Mehdi Tabarsa: Investigation, Writing — review & editing. Mehdi
Abdollahi: Conceptualization, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgements

This research was funded by the Iran National Science Foundation

(INSF, Grant Number: 99003932) and Tarbiat Modares University (IG-
39804).

References

[1] S. Ben-Othman, I. Joudu, R. Bhat, Bioactives from Agri-Food Wastes: Present
Insights and Future Challenges, Bioactives from agri-food wastes: Present insights
and future challenges 25 (3) (2020) 510.

[2] L.Jiang, W. Wang, P. Wen, M. Shen, H. Li, Y. Ren, Y. Xiao, Q. Song, Y. Chen, Q. Yu,
J. Xie, Two water-soluble polysaccharides from mung bean skin: Physicochemical
characterization, antioxidant and antibacterial activities, Food Hydrocoll. 100
(2020), 105412, https://doi.org/10.1016/j.foodhyd.2019.105412.

[3] Z. Zou, M. Wei, J. Fang, W. Dai, T. Sun, Q. Liu, G. Gong, Y. Liu, S. Song, F. Ma,
L. Wang, L. Huang, Z. Wang, Preparation of chondroitin sulfates with different
molecular weights from bovine nasal cartilage and their antioxidant activities, Int.
J. Biol. Macromol. 152 (2020) 1047-1055, https://doi.org/10.1016/].
ijbiomac.2019.10.192.

[4] M. Andrew, G. Jayaraman, Structural features of microbial exopolysaccharides in
relation to their antioxidant activity, Carbohydr. Res. 487 (2020), 107881, https://
doi.org/10.1016/j.carres.2019.107881.

[5] M. Jridi, M. Mezhoudi, O. Abdelhedi, S. Boughriba, W. Elfalleh, N. Souissi,

R. Nasri, M. Nasri, Bioactive potential and structural characterization of sulfated
polysaccharides from Bullet tuna (Auxis Rochei) by-products, Carbohydr. Polym.
194 (2018) 319-327, https://doi.org/10.1016/j.carbpol.2018.04.038.

[6] D. Yang, F. Lin, Y. Huang, J. Ye, M. Xiao, Separation, purification, structural
analysis and immune-enhancing activity of sulfated polysaccharide isolated from
sea cucumber viscera, Int. J. Biol. Macromol. 155 (2020) 1003-1018, https://doi.
org/10.1016/j.ijpiomac.2019.11.064.

[7] O. Abdelhedi, R. Nasri, N. Souissi, M. Nasri, M. Jridi, Sulfated polysaccharides from
common smooth hound: Extraction and assessment of anti-ACE, antioxidant and
antibacterial activities, Carbohydr. Polym. 152 (2016) 605-614, https://doi.org/
10.1016/j.carbpol.2016.07.048.

[8] K. Kim, Y. Park, H.W. Je, M. Seong, J.H. Damusaru, S. Kim, J.Y. Jung, S.C. Bai,
Tuna byproducts as a fish-meal in tilapia aquaculture, Ecotoxicol. Environ. Saf. 172
(2019) 364-372, https://doi.org/10.1016/j.ecoenv.2019.01.107.

[9] M. Jridi, R. Nasri, Z. Marzougui, O. Abdelhedi, M. Hamdi, M. Nasri,
Characterization and assessment of antioxidant and antibacterial activities of
sulfated polysaccharides extracted from cuttlefish skin and muscle, Int. J. Biol.
Macromol. 123 (2019) 1221-1228, https://doi.org/10.1016/j.
ijbiomac.2018.11.170.

[10] P. Ideia, J. Pinto, R. Ferreira, L. Figueiredo, V. Spinola, P.C. Castilho, Fish
Processing Industry Residues: A Review of Valuable Products Extraction and
Characterization Methods, Waste and Biomass Valorization. 11 (7) (2020)
3223-3246.

[11] D. Qiao, B. Hu, D. Gan, Y. Sun, H. Ye, X. Zeng, Extraction optimized by using
response surface methodology, purification and preliminary characterization of
polysaccharides from Hyriopsis cumingii, Carbohydr. Polym. 76 (2009) 422-429,
https://doi.org/10.1016/j.carbpol.2008.11.004.

[12] A.T. Getachew, H.J. Lee, Y.J. Cho, S.J. Chae, B.S. Chun, Optimization of
polysaccharides extraction from Pacific oyster (Crassostrea gigas) using subcritical
water: Structural characterization and biological activities, Int. J. Biol. Macromol.
121 (2019) 852-861, https://doi.org/10.1016/j.ijbiomac.2018.10.091.

[13] Y. Yuan, D. Macquarrie, Microwave assisted extraction of sulfated polysaccharides
(fucoidan) from Ascophyllum nodosum and its antioxidant activity, Carbohydr.
Polym. 129 (2015) 101-107, https://doi.org/10.1016/j.carbpol.2015.04.057.

[14] X.Li, L. Wang, Effect of extraction method on structure and antioxidant activity of
Hohenbuehelia serotina polysaccharides, Int. J. Biol. Macromol. 83 (2016)
270-276, https://doi.org/10.1016/j.ijbiomac.2015.11.060.

[15] N. Liao, J. Zhong, X. Ye, S. Lu, W. Wang, R. Zhang, J. Xu, S. Chen, D. Liu,
Ultrasonic-assisted enzymatic extraction of polysaccharide from Corbicula
fluminea: Characterization and antioxidant activity, LWT - Food Sci. Technol. 60
(2015) 1113-1121, https://doi.org/10.1016/j.1wt.2014.10.009.

[16] C.Y. Cheng, W.W. Duan, Z.H. Duan, Y. Hai, X.G. Lei, H. Chang, Extraction of
Chondroitin Sulfate from Tilapia Byproducts with Ultrasonic-Microwave
Synergistic, Adv. Mater. Res. 726-731 (2013) 4381-4385, https://doi.org/
10.4028/www.scientific.net/amr.726-731.4381.


http://refhub.elsevier.com/S1350-4177(23)00097-4/h0005
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0005
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0005
https://doi.org/10.1016/j.foodhyd.2019.105412
https://doi.org/10.1016/j.ijbiomac.2019.10.192
https://doi.org/10.1016/j.ijbiomac.2019.10.192
https://doi.org/10.1016/j.carres.2019.107881
https://doi.org/10.1016/j.carres.2019.107881
https://doi.org/10.1016/j.carbpol.2018.04.038
https://doi.org/10.1016/j.ijbiomac.2019.11.064
https://doi.org/10.1016/j.ijbiomac.2019.11.064
https://doi.org/10.1016/j.carbpol.2016.07.048
https://doi.org/10.1016/j.carbpol.2016.07.048
https://doi.org/10.1016/j.ecoenv.2019.01.107
https://doi.org/10.1016/j.ijbiomac.2018.11.170
https://doi.org/10.1016/j.ijbiomac.2018.11.170
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0050
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0050
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0050
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0050
https://doi.org/10.1016/j.carbpol.2008.11.004
https://doi.org/10.1016/j.ijbiomac.2018.10.091
https://doi.org/10.1016/j.carbpol.2015.04.057
https://doi.org/10.1016/j.ijbiomac.2015.11.060
https://doi.org/10.1016/j.lwt.2014.10.009
https://doi.org/10.4028/www.scientific.net/amr.726-731.4381
https://doi.org/10.4028/www.scientific.net/amr.726-731.4381

S. Naghdi et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

G. Zhang, M. Hu, L. He, P. Fu, L. Wang, J. Zhou, Optimization of microwave-
assisted enzymatic extraction of polyphenols from waste peanut shells and
evaluation of its antioxidant and antibacterial activities in vitro, Food Bioprod.
Process. 91 (2013) 158-168, https://doi.org/10.1016/j.fbp.2012.09.003.

X. Wang, J. Xu, L. Wang, X. Gao, X. Fu, Y. Zhao, Optimization of Microwave-
Ultrasound-assisted Enzymatic Hydrolysis extraction of iodine amino acids in
laminaria by high performance liquid chromatography with a photodiode array
detector, Algal Res. 39 (2019), 101452, https://doi.org/10.1016/].
algal.2019.101452.

LF. Olawuyi, S.R. Kim, D. Hahn, W.Y. Lee, Influences of combined enzyme-
ultrasonic extraction on the physicochemical characteristics and properties of okra
polysaccharides, Food Hydrocoll. 100 (2020), 105396, https://doi.org/10.1016/j.
foodhyd.2019.105396.

B.E. Abdelmalek, A. Sila, F. Krichen, W. Karoud, O. Martinez-Alvarez, S. Ellouz-
Chaabouni, M.A. Ayadi, A. Bougatef, Sulfated polysaccharides from Loligo vulgaris
skin: Potential biological activities and partial purification, Int. J. Biol. Macromol.
72 (2015) 1143-1151, https://doi.org/10.1016/].ijbiomac.2014.09.041.

M. Alboofetileh, M. Rezaei, M. Tabarsa, S. You, Bioactivities of Nizamuddinia
zanardinii sulfated polysaccharides extracted by enzyme, ultrasound and enzyme-
ultrasound methods, J. Food Sci. Technol. 56 (2019) 1212-1220, https://doi.org/
10.1007/513197-019-03584-1.

K. Dubois, K. Gilles, P. Hamilton, A. Rebers, F. Smith, Colorimetric Method for
Determination of Sugars and Related Substances, Anal. Chem. 28 (1956) 350-356,
https://doi.org/10.1021/ac60111a017.

OliverH. Lowry, NiraJ. Rosebrough, A.L. Farr, RoseJ. Randall, PROTEIN
MEASUREMENT WITH THE FOLIN PHENOL REAGENT, Journal of Biological
Chemistry 193 (1) (1951) 265-275.

F.A. Loyd, A. G., Dogson, K. S., Price, R. G., & Rose, POLYSACCHARIDE
SULPHATES,, Biochem Biophys Acta. 46 (1960).

T. Bitter, H.M. Muir, A modified uronic acid carbazole reaction, Anal. Biochem. 4
(1962) 330-334, https://doi.org/10.1016/0003-2697(62)90095-7.

M. Alboofetileh, M. Rezaei, M. Tabarsa, S. You, F. Mariatti, G. Cravotto, Subcritical
water extraction as an efficient technique to isolate biologically-active fucoidans
from Nizamuddinia zanardinii, Int. J. Biol. Macromol. 128 (2019) 244-253,
https://doi.org/10.1016/j.ijbiomac.2019.01.119.

1. Trigui, H. Yaich, A. Sila, S. Cheikh-Rouhou, A. Bougatef, C. Blecker, H. Attia, M.
A. Ayadi, Physicochemical properties of water-soluble polysaccharides from black
cumin seeds, Int. J. Biol. Macromol. 117 (2018) 937-946, https://doi.org/
10.1016/j.ijpiomac.2018.05.202.

Y. Yuan, X. Xu, C. Jing, P. Zou, C. Zhang, Y. Li, Microwave assisted hydrothermal
extraction of polysaccharides from Ulva prolifera: Functional properties and
bioactivities, Carbohydr. Polym. 181 (2018) 902-910, https://doi.org/10.1016/j.
carbpol.2017.11.061.

P.S. Saravana, Y.J. Cho, Y.B. Park, H.C. Woo, B.S. Chun, Structural, antioxidant,
and emulsifying activities of fucoidan from Saccharina japonica using pressurized
liquid extraction, Carbohydr. Polym. 153 (2016) 518-525, https://doi.org/
10.1016/j.carbpol.2016.08.014.

M. Alboofetileh, M. Rezaei, M. Tabarsa, S.G. You, Ultrasound-assisted extraction of
sulfated polysaccharide from Nizamuddinia zanardinii: Process optimization,
structural characterization, and biological properties, J. Food Process Eng. (2018)
1-13, https://doi.org/10.1111/jfpe.12979.

S. Naghdi, M. Rezaei, M. Tabarsa, M. Abdollahi, Extraction of sulfated
polysaccharide from Skipjack tuna (Katsuwonus pelamis) viscera using alcalase
enzyme and rainbow trout (Oncorhynchus mykiss) visceral semi-purified alkaline
proteases, Sustain. Chem. Pharm. 32 (2023), 101033, https://doi.org/10.1016/j.
scp.2023.101033.

L. Zhao, Y. Dong, G. Chen, Q. Hu, Extraction, purification, characterization and
antitumor activity of polysaccharides from Ganoderma lucidum, Carbohydr.
Polym. 80 (2010) 783-789, https://doi.org/10.1016/j.carbpol.2009.12.029.

S.Y. Xu, X. Huang, K.L. Cheong, Recent advances in marine algae polysaccharides:
Isolation, structure, and activities, Mar. Drugs. 15 (2017) 1-16, https://doi.org/
10.3390/md15120388.

F. Krichen, W. Karoud, A. Sila, B.E. Abdelmalek, R. Ghorbel, S. Ellouz-Chaabouni,
A. Bougatef, Extraction, characterization and antimicrobial activity of sulfated
polysaccharides from fish skins, Int. J. Biol. Macromol. 75 (2015) 283-289,
https://doi.org/10.1016/j.ijbiomac.2015.01.044.

N. Souissi, S. Boughriba, O. Abdelhedi, M. Hamdi, M. Jridi, S. Li, M. Nasri,
Extraction, structural characterization, and thermal and biomedical properties of
sulfated polysaccharides from razor clam Solen marginatus, RSC Adv. 9 (2019)
11538-11551, https://doi.org/10.1039/CORA00959K.

S. Chen, H. Chen, J. Tian, J. Wang, Y. Wang, L. Xing, Enzymolysis-ultrasonic
assisted extraction, chemical characteristics and bioactivities of polysaccharides

10

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[46]

[48]

[49]

[50]

[51]

[52]

[53]

Ultrasonics Sonochemistry 95 (2023) 106385

from corn silk, Carbohydr. Polym. 101 (2014) 332-341, https://doi.org/10.1016/
j.carbpol.2013.09.046.

Y. Cheung, K. Siu, Y. Liu, J. Wu, Molecular properties and antioxidant activities of
polysaccharide — protein complexes from selected mushrooms by ultrasound-
assisted extraction, Process Biochem. 47 (2012) 892-895, https://doi.org/
10.1016/j.procbio.2012.02.004.

H. Li, Y. Tao, P. Zhao, D. Zhi, X. Gao, X. Zhao, M. Li, Effect of ultrasound-assisted
extraction on physicochemical properties and TLR2-affinity binding of the
polysaccharides from Pholiota nameko, Int. J. Biol. Macromol. 135 (2019)
1020-1027, https://doi.org/10.1016/j.ijpiomac.2019.05.177.

S. Song, L. Wang, L. Wang, Q. Yu, C. Ai, Y. Fu, C. Yan, C. Wen, Z. Zhu, Structural
characterization and anticoagulant activity of two polysaccharides from
Patinopecten yessoensis viscera, Int. J. Biol. Macromol. 136 (2019) 579-585,
https://doi.org/10.1016/j.ijbiomac.2019.06.116.

S. Naghdi, M. Rezaei, M. Tabarsa, M. Abdollahi, Parallel Extraction of Sulfated
polysaccharides and Protein Hydrolysate from Skipjack Tuna Head and Their
Bioactive and Functional Properties, Food Bioprocess Technol. (2023), https://doi.
org/10.1007/s11947-022-02988-w.

Y. Liu, Q. Zhao, Z. Li, H. Wang, Extraction, purification and characterization of
polysaccharides from clam (Ruditapes philippinarum), Adv. Mater. Res. 634-638
(2013) 1236-1240, https://doi.org/10.4028/www.scientific.net/AMR.634-
638.1236.

F. Krichen, Z. Ghlissi, R. Ben Abdallah, R. Kallel, O. Martinez-Alvarez, M. Carmen
Gomez-Guillén, A. Sila, T. Boudawara, Z. Sahnoun, A. Bougatef,
Glycosaminoglycans from grey triggerfish and smooth hound skins: Rheological,
Anti-inflammatory and wound healing properties, Int. J. Biol. Macromol. 118
(2018) 965-975, https://doi.org/10.1016/j.ijpiomac.2018.06.132.

B. Yang, Y. Jiang, M. Zhao, J. Shi, L. Wang, Effects of ultrasonic extraction on the
physical and chemical properties of polysaccharides from longan fruit pericarp,
Effects of ultrasonic extraction on the physical and chemical properties of
polysaccharides from longan fruit pericarp 93 (1) (2008) 268-272.

G. Chen, C. Fang, X. Chen, Z. Wang, M. Liu, J. Kan, High-pressure ultrasonic-
assisted extraction of polysaccharides from Mentha haplocalyx: Structure,
functional and biological activities, Ind. Crops Prod. 130 (2019) 273-284, https://
doi.org/10.1016/j.indcrop.2018.12.086.

B.V. Nemzer, D. Kalita, A.Y. Yashin, N.E. Nifantiev, Y.I. Yashin, In vitro
Antioxidant Activities of Natural Polysaccharides : An overview 8 (2019) 78-93,
https://doi.org/10.5539/jfr.v8n6p78.

X. Dong, X. Duan, Z. Sun, X. Zhang, C. Li, S. Yang, B. Ren, S. Zheng, D.D. Dionysiou,
Structural characterization and antioxidant activities of a water soluble
polysaccharide isolated from Glycyrrhiza glabra, “Applied Catal. B, Environ.
(2019) 118214. https://doi.org/10.1016/j.apcatb.2019.118214.

A.T. Getachew, Y.J. Cho, B.S. Chun, Effect of pretreatments on isolation of
bioactive polysaccharides from spent coffee grounds using subcritical water, Int. J.
Biol. Macromol. 109 (2018) 711-719, https://doi.org/10.1016/j.
ijbiomac.2017.12.120.

M. Hajji, M. Hamdji, S. Sellimi, G. Ksouda, H. Laouer, S. Li, M. Nasri, Structural
characterization, antioxidant and antibacterial activities of a novel polysaccharide
from Periploca laevigata root barks, Carbohydr. Polym. 206 (2019) 380-388.

S. Li, N.P. Shah, Antioxidant and antibacterial activities of sulphated
polysaccharides from Pleurotus eryngii and Streptococcus thermophilus ASCC
1275, Food Chem. 165 (2014) 262-270, https://doi.org/10.1016/j.
foodchem.2014.05.110.

M. Alboofetileh, M. Rezaei, M. Tabarsa, M. Ritta, M. Donalisio, F. Mariatti, S.

G. You, D. Lembo, G. Cravotto, Effect of different non-conventional extraction
methods on the antibacterial and antiviral activity of fucoidans extracted from
Nizamuddinia zanardinii, Int. J. Biol. Macromol. 124 (2019) 131-137, https://doi.
org/10.1016/j.ijpiomac.2018.11.201.

Further reading

[44]

[45]

[47]

Y.J. Cho, A.T. Getachew, P.S. Saravana, B.S. Chun, Optimization and
characterization of polysaccharides extraction from Giant African snail (Achatina
fulica) using pressurized hot water extraction (PHWE), Bioact. Carbohydrates Diet.
Fibre. 18 (2019) 100179.

A. Mokni Ghribi, A. Sila, I. Maklouf Gafsi, C. Blecker, S. Danthine, H. Attia,

A. Bougatef, S. Besbes, Structural, functional, and ACE inhibitory properties of
water-soluble polysaccharides from chickpea flours, Int. J. Biol. Macromol. 75
(2015) 276-282, https://doi.org/10.1016/].ijbiomac.2015.01.037.

L.S. Sciarini, F. Maldonado, P.D. Ribotta, G.T. Pérez, A.E. Leon, Chemical
composition and functional properties of Gleditsia triacanthos gum, Food
Hydrocoll. 23 (2009) 306-313, https://doi.org/10.1016/j.foodhyd.2008.02.011.


https://doi.org/10.1016/j.fbp.2012.09.003
https://doi.org/10.1016/j.algal.2019.101452
https://doi.org/10.1016/j.algal.2019.101452
https://doi.org/10.1016/j.foodhyd.2019.105396
https://doi.org/10.1016/j.foodhyd.2019.105396
https://doi.org/10.1016/j.ijbiomac.2014.09.041
https://doi.org/10.1007/s13197-019-03584-1
https://doi.org/10.1007/s13197-019-03584-1
https://doi.org/10.1021/ac60111a017
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0115
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0115
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0115
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0120
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0120
https://doi.org/10.1016/0003-2697(62)90095-7
https://doi.org/10.1016/j.ijbiomac.2019.01.119
https://doi.org/10.1016/j.ijbiomac.2018.05.202
https://doi.org/10.1016/j.ijbiomac.2018.05.202
https://doi.org/10.1016/j.carbpol.2017.11.061
https://doi.org/10.1016/j.carbpol.2017.11.061
https://doi.org/10.1016/j.carbpol.2016.08.014
https://doi.org/10.1016/j.carbpol.2016.08.014
https://doi.org/10.1111/jfpe.12979
https://doi.org/10.1016/j.scp.2023.101033
https://doi.org/10.1016/j.scp.2023.101033
https://doi.org/10.1016/j.carbpol.2009.12.029
https://doi.org/10.3390/md15120388
https://doi.org/10.3390/md15120388
https://doi.org/10.1016/j.ijbiomac.2015.01.044
https://doi.org/10.1039/C9RA00959K
https://doi.org/10.1016/j.carbpol.2013.09.046
https://doi.org/10.1016/j.carbpol.2013.09.046
https://doi.org/10.1016/j.procbio.2012.02.004
https://doi.org/10.1016/j.procbio.2012.02.004
https://doi.org/10.1016/j.ijbiomac.2019.05.177
https://doi.org/10.1016/j.ijbiomac.2019.06.116
https://doi.org/10.1007/s11947-022-02988-w
https://doi.org/10.1007/s11947-022-02988-w
https://doi.org/10.4028/www.scientific.net/AMR.634-638.1236
https://doi.org/10.4028/www.scientific.net/AMR.634-638.1236
https://doi.org/10.1016/j.ijbiomac.2018.06.132
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0215
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0215
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0215
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0215
https://doi.org/10.1016/j.indcrop.2018.12.086
https://doi.org/10.1016/j.indcrop.2018.12.086
https://doi.org/10.5539/jfr.v8n6p78
https://doi.org/10.1016/j.ijbiomac.2017.12.120
https://doi.org/10.1016/j.ijbiomac.2017.12.120
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0255
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0255
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0255
https://doi.org/10.1016/j.foodchem.2014.05.110
https://doi.org/10.1016/j.foodchem.2014.05.110
https://doi.org/10.1016/j.ijbiomac.2018.11.201
https://doi.org/10.1016/j.ijbiomac.2018.11.201
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0220
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0220
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0220
http://refhub.elsevier.com/S1350-4177(23)00097-4/h0220
https://doi.org/10.1016/j.ijbiomac.2015.01.037
https://doi.org/10.1016/j.foodhyd.2008.02.011

	Ultrasonic-assisted enzymatic extraction of sulfated polysaccharide from Skipjack tuna by-products
	1 Introduction
	2 Material and methods
	2.1 Sample collection
	2.2 Extraction of sulfated polysaccharide
	2.2.1 Conventional enzymatic extraction
	2.2.2 Ultrasonic-assisted enzymatic extraction

	2.3 Chemical composition
	2.4 Monosaccharide composition of samples
	2.5 Molecular weight distribution
	2.6 FT-IR spectroscopy
	2.7 Differential scanning calorimetry (DSC) analysis
	2.8 X-ray diffraction

	3.1 Functional properties of extracted SPs
	3.1.1 Foaming properties of SPs
	3.1.2 Emulsifying activities of SPs

	3.2 Determination of antioxidant activities of SPs
	3.2.1 DPPH scavenging activity of SPs
	3.2.2 ABTS scavenging activity of SPs
	3.2.3 Ferric reducing power of SPs

	3.3 Antibacterial activity of SPs
	3.3.1 Bacterial strains
	3.3.2 Agar diffusion method

	3.4 Statistical analysis
	4 Results and discussion
	4.1 Effect of extraction methods on the yield of crude SPs
	4.2 Chemical and molecular characterization of SPs
	4.3 Monosaccharide composition
	4.4 Molecular weight of SPs
	4.5 FT-IR spectroscopy
	4.6 Differential scanning calorimetry (DSC) analysis
	4.7 X-ray diffraction
	4.8 Functional properties of extracted SPs
	4.8.1 Foaming capacity and foam stability
	4.8.2 Emulsifying properties

	4.9 Antioxidant activity of SPs
	4.9.1 DPPH free radical-scavenging activity
	4.9.2 ABTS antioxidant activity
	4.9.3 Ferrous chelating activity

	4.10 Antibacterial activity

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References
	Further reading


