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Abstract
Brown algae comprise the largest biomass producers in coastal waters and play important ecological roles. The complex nature of
cell wall polysaccharides limits the extraction of bioactive compounds from these seaweeds. The aim of the study was to use
enzyme-assisted extraction as a tool to release the bioactive compounds from seven brown seaweeds of Kuwait coast and
characterization of the active extracts. The enzymatic extracts obtained by hydrolysing seaweeds with five carbohydrases and
three proteases were screened for antioxidant and antimicrobial activity. Yield, total phenolics, and bioactivity were as a function
of species difference in cell wall composition and specificity of the enzyme used. Among the six species of brown seaweeds
studied, the enzymatic extracts obtained from Sargassum boveanum, Sargassum angustifolium, and Feldmannia irregularis
showed high antioxidant activity in different assays. Though antimicrobial activities of the enzymatic extracts were low,
Flavourzyme resulted in more number of seaweed extracts with antimicrobial activity against foodborne pathogens. In general,
carbohydrases resulted in extracts with high radical scavenging activity whereas proteases resulted in extracts with high iron
chelating activity. The extracts with highest antioxidant activity such as S. boveanum-Viscozyme and Alcalase extracts were
further fractionated and characterized. The polyphenol and polysaccharide-rich fractions were responsible for the high radical
scavenging and reducing power whereas the iron chelating activity and inhibition of lipid oxidation in liposome model system
was mainly contributed by polysaccharide and protein-rich fractions. The results of study showed that enzyme-assisted extraction
could be useful to make tailor-made seaweed extracts with specific bioactivity.
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Introduction

Brown algae comprise more than 250 genera and 1500–2000
species and are one of the largest biomass producers in coastal
regions (Silberfeld et al. 2010). They play vital ecological
roles in marine communities as they provide home and food
for many different sea animals. Brown seaweeds have been
extensively studied for their biologically active polyphenolic
derivatives called phlorotannins that are exclusively found in
these seaweeds (Li et al. 2011). Depending on the species,
phlorotannin content varies from 0.2 to 14% of dry weight

of brown seaweeds (Holdt and Kraan 2011). These com-
pounds have been reported to possess a number of bioactiv-
ities such as radioprotection, antioxidant, antidiabetic, antimi-
crobial, and anti-inflammatory properties (Li et al. 2011).
Fucoxanthin is another major biofunctional pigment isolated
and extensively studied from brown seaweeds and has been
reported to possess antioxidant, anticancer, antiobesity and
anti-inflammatory properties (Peng et al. 2011). In recent
years, a family of fucose-containing sulphated polysaccha-
rides from brown seaweeds has attracted attention due to their
high bioactive properties and find their application in cos-
metics, functional foods, and dietary supplements (Jiao et al.
2011; Wijesinghe and Jeon 2012; Deniaud-Bouët et al. 2017).

The brown seaweeds (Phaeophyceae) are characterized by
their cell walls composed of cellulose, alginic acid, and vari-
ous other polysaccharides, cellular inclusion of polyphenolic
polymers known as physodes, and their main storage mate-
rials as laminarin (a β-1,3-glucan) with some species also
producing mannitol, sucrose, glycerol, and oil as storage
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reserves (Wehr 2002). The main structural components of cell
walls of brown seaweeds are alginates and fucose-containing
sulphated polysaccharides (FCSPs) including sulphated
fucans and the later are cross linked to cellulose microfibrils
(Deniaud-Bouët et al. 2014). The other components include
proteins, phenolic, and halide compounds. Phenolic com-
pounds are associated with alginates and proteins (Deniaud-
Bouët et al. 2014). This complex nature of the cell wall acts as
barrier for the extraction of bioactive compounds.

The use of enzyme for seaweed biorefinery is a promising
biotechnological application that has been widely used to im-
prove the extraction efficiency of bioactive components
(Hardouin et al. 2014a, b; Puspita et al. 2017a; Vásquez
et al. 2019). Conventional extraction techniques such as sol-
vent extraction may not be always efficient in extracting phy-
tochemicals as some of the compounds are either dispersed in
cell cytoplasm or retained in the cell wall by hydrogen or
hydrophobic bonding, which are not accessible to the solvents
in a routine extraction process (Fleurence et al. 1995).
Extraction techniques using digestive commercial enzymes
such as carbohydrases and proteases were employed to de-
grade seaweed tissues and to help releasing a variety of bio-
active compounds from the seaweeds (Heo et al. 2005; Jeon
et al. 2011; Hardouin et al. 2014a, b). In addition, enzymes can
convert the water-insoluble materials in the seaweeds to a
water-soluble material which have the advantages over the
use of organic solvents.

Arabian Gulf is bestowed with 282 species of seaweeds
which include 70 species of brown seaweeds (John and Al-
Thani 2014). The seaweeds of the Arabian Gulf are least stud-
ied and unexploited resources. In our earlier study on the
chemical profile and antioxidant activity of 26 species of sea-
weeds fromKuwait’s coast of the Arabian Gulf, we found that
the seaweeds from this coast are unique in their phenolic com-
position and phytochemicals (Farvin et al. 2019). The water
and ethanolic extracts of brown seaweeds such as Sargassum
sp., Canistrocarpus cervicornis, and Padina gymnospora are
rich in phenolics and had high antioxidant activity (Farvin
et al. 2019). In the present study, seven brown algae which
showed high antioxidant activity in the conventional solvent
extractions were selected for the enzymatic extraction studies.
The selected seaweeds include two Fucales (Sargassum
angustifolium and Sargassum boveanum), two Dictyotales
(P. gymnospora and C. cervicornis), and three Ectocarpales
(Colpomenia sinuosa, Feldmannia irregularis, and Iyengaria
stellata). In order to understand the suitable enzyme for proper
hydrolysis of the selected seaweeds, five commercially avail-
able carbohydrases and three proteases were used in this study.
The resulting enzyme extracts were screened for bioactivity
such as antioxidant activity and antimicrobial activity. For
antioxidant activity screening, four in vitro assays, viz., 1,1-
diphenyl-2-picrylhydrazyl (DPPH) radical scavenging, metal
chelating, reducing properties, and inhibition of lipid

oxidation in liposome model system, were used. The antimi-
crobial activity was assessed against common foodborne and
aquaculture pathogens by disk diffusion method. In order to
understand the components responsible for the bioactivity, the
enzyme extracts which showed high activity were further frac-
tionated and characterized by method of Farvin and Jacobsen
(2015).

Materials and methods

Algal materials

Seven brown seaweeds, viz., Sargassum boveanum,
Sargassum angustifolium (Family: Sargassaceae), Padina
gymnospora , Canistrocarpus cervicornis (Family:
Dictyotaceae), Colpomenia sinuosa, Iyengaria stellata
(Family: Scytosiphonaceae), and Feldmannia irregularis
(Family: Acinetosporaceae), were collected between
September 2016 and March 2017 from Kuwait’s coast.
Sargassum boveanum and P. gymnosporawere collected from
Fintas area in February 2017 and September 2016, respective-
ly. Feldmannia irregularis, C. sinuosa, and I. stellata were
collected from the Kuwait Tower area in December 2016.
Sargassum angustifolium and C. cervicornis were collected
from Salmiya beach and Julaia beach in January and
February 2017, respectively. The collected samples were
washed with seawater to remove any sand and epiphytes.
The cleaned seaweeds were immediately frozen, freeze dried,
powdered, and stored at − 86 °C under vacuum packing until
further use.

Enzyme-assisted extraction of seaweeds

The enzymes used in this study were kindly donated by
Novozyme (Novozyme Nordisk, Bagsvaerd, Denmark). The
enzymatic conditions and characteristics of the enzymes are
given in Table 1. Ten grams of seaweed powder was weighed
into a 2 L reaction vessel; to this, about 1 L of corresponding
buffer was added. The reaction vessel was connected to an
overhead stirrer and placed inside a water bath maintained at
optimal temperature needed for the enzyme action. When the
optimal temperature has reached, 1 mL (0.1% enzyme) was
added to the mixture and stirred at 350 rpm for 20 h in water
bath. After the incubation, the enzyme was inactivated by
heating at 100 °C for 10 min and cooled in ice. The mixture
was centrifuged at 1500×g for 10 min to collect the superna-
tant. The extract thus obtained was freeze dried, weighed for
calculating yield, and reconstituted in a known quantity of
water. The extracts were stored at − 86 °C freezer until further
use. A water extract was also made in a similar manner for
comparison.
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Total phenolic content

The total phenolic content of the different enzymatic extracts
was determined by the Folin-Ciocalteu method (Farvin and
Jacobsen 2015). In brief, an aliquot (100 μL) of extract in
Eppendorf was mixed with 0.75 mL of Folin-Ciocalteu re-
agent (1:10 diluted) and allowed to stand at room temperature
for 5 min. Sodium bicarbonate (6%, 0.75 mL) was added to
the mixture and incubated at room temperature for 90 min.
Two hundred fifty microlitres of this reaction mixture was
transferred to microplates and the absorbance was measured
at 725 nm using a microplate reader (Variscan Lux, Thermo
Scientific, Finland). A standard curve was plotted using dif-
ferent concentrations of gallic acid (Sigma, Germany) and the
amount of total phenolics was expressed as gallic acid equiv-
alents (mg GAE g−1 extract).

Bioactivity screening of enzymatic extracts

The enzymatic extracts were screened for antioxidant and an-
timicrobial activity. The enzymatic extracts at different con-
centrations were screened for antioxidant activity by using
four in vitro tests, viz., DPPH radical scavenging, iron chelat-
ing property, reducing power, and inhibition of lipid oxidation
in phospholipid liposome model system. All the analysis was
performed in triplicate unless otherwise specified.

DPPH free radical scavenging effect was measured accord-
ing to the method of Farvin et al. (2014) in a microplate reader
(Varioscan Lux, Thermo Scientific, Finland). DPPH solution
(0.1 mL, 0.1 mM in 95% ethanol) was mixed with 0.1 mL of
extracts (at a concentration of 0.1, 1, 5, and 10mgmL−1) in an
Eppendorf tube. The mixture was shaken and left for 30min at
room temperature. The reaction mixture was transferred to
microplates, and the absorbance of the resulting solution was
measured at 517 nm using a microplate reader. A blank with

distilled water instead of sample and a sample control with
sample and 95% ethanol were also made. The effective con-
centration EC50 (concentration of extracts required to scav-
enge 50% of DPPH radicals) was calculated. The results are
expressed as antiradical power, which is 1/EC50.

The iron chelating property of the extracts was determined
according to method of Farvin et al. (2014) in a microplate
reader (Variscan Lux, Thermo Scientific). In brief, to 100 μL
of the enzymatic extracts (at a concentration of 0.1, 1, 5, and
10 mg mL−1) in Eppendorf tubes, 135 μL of deionized water
and 5 μL of 2 mM ferrous chloride were added. After 3 min,
5 mM ferrozine (10 μL) was added. The mixture was shaken
vigorously and left at room temperature for 10 min. The ab-
sorbance of the resulting solution was measured at 562 nm in
the microplate reader. A blank with distilled water and a sam-
ple control without adding ferrozine was also made. The ef-
fective concentration EC50 (concentration of extracts required
to chelate 50% of iron) was calculated. The results are
expressed as EC50 values.

The reducing power of the extracts was measured ac-
cording to the method of Farvin et al. (2014) in a micro-
plate reader (Varioscan Lux, Thermo Scientific). In brief,
to 100 μL of enzymatic extracts (at a concentration of 0.1,
1, 5, and 10 mg mL−1) in Eppendorf tube, 100 μL 0.2 M
phosphate buffer (pH 6.6) and 100 μL of 1% potassium
ferricyanide were added. The mixture was incubated at
50 °C for 20 min and 100 μL of 10% TCAwas added into
this reaction mixture. An aliquot of 144 μL from the in-
cubation mixture was mixed with 144 μL of distilled water
and 25 μL of 0.1% ferric chloride in an Eppendorf tube.
After 10 min, the absorbance of the solution was measured
at 700 nm in the microplate reader. The reducing power
was expressed as absorbance at 700 nm. Increased absor-
bance (A700) of the reaction mixture indicated increased
reducing power.

Table 1 Optimum hydrolysis conditions and characteristics of enzymes used in this study

Enzyme Optimum conditions Buffer used Characteristics

pH Temperature

Carbohydrases

Viscozyme L 4.5 50 °C 0.1 M acetate buffer A multi-enzyme complex (containing arabinase, cellulase,
β-glucanase, hemicellulase, and xylanase)

AMG 300 L 4.5 60 °C 0.1 M acetate buffer Exo-1,4-α-D-glucosidase

Celluclast 1.5 L FG 4.5 50 °C 0.1 M acetate buffer Cellulase

Termamyl 120 L 6 60 °C 0.1 M phosphate buffer A heat-stable α-amylase

Ultraflo L 6 40 °C 0.1 M phosphate buffer A heat-stable multi-β-glucosidase

Proteases

Flavourzyme 500MG 7 50 °C 0.1 M phosphate buffer Containing both endoprotease and exopeptidase

Alcalase 2.4 L FG 8 50 °C 0.1 M phosphate buffer Endopeptidase

Neutrase 0.8 L 8 50 °C 0.1 M phosphate buffer Metalloendoprotease
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Inhibition of lipid peroxidation in a liposome model
system was done according to the method of Farvin et al.
(2014). Liposomes were prepared from soybean phospha-
tidylcholine by extrusion method as described by
Habeebullah et al. (2010). Lipid oxidation was performed
in a model system containing 0.1 mg of phosphatidylcho-
line liposomes per mL of phosphate-buffered saline (PBS)
(3.4 mM Na2HPO4-NaH2PO4, 0.15 M NaCl, pH 7.0) and
enzymatic extracts at a concentration of 5 mg mL−1. Lipid
oxidation was initiated by iron redox cycling using 50 μM
FeCl3 and 100 μM ascorbate. The order of addition was
buffer, extracts, liposome, ferric chloride, and ascorbic ac-
id. The reactants were mixed by vortexing for 2 s and
incubated at 37 °C in a water bath for 1 h. The liposome
assay solution with distilled water was used as the control.
Lipid oxidation was measured by determining the concen-
tration of thiobarbituric acid reactive substance (TBARS)
formed according to the method of Buege and Aust (1978).
The amount of TBA-reactive substances (malondialdehyde
or MDA) released per mg phospholipid (PL) was calculat-
ed using the molar extinction coefficient of MDA as
1.56 × 105. The % inhibition of TBARS formation was
calculated as follows.

%inhibition ¼ T c−T s

T c
� 100

where Tc is the μmoles of MDA released by the control
(Liposome alone) and Ts is the μmoles of MDA released
by the samples.

The antibacterial activities of the enzyme extracts were
also determined by disk diffusion method as described by
Murray et al. (1995). Briefly, the seaweed extracts were
filtered through a 0.2 μm syringe filter. Paper disks im-
pregnated with 10 μL of extracts were used for antimicro-
bial activity assay using the conventional diffusion plate
method in Mueller-Hinton agar (MHA) (BD, Difco,
USA). Inhibition zones around the disk indicated antibac-
terial activity, which was measured after 24 h of incubation
at 37 °C for bacterial strain and 48 h for yeast and fungi
isolates. Different antibiotics (ampicillin (AM-10), sulfa-
methoxazole with trimethoprim (SXT), gentamicin (GM-
120) were used as positive controls in the plates. The test
organisms used were Staphylococcus aureus (ATCC
25923) , Enterococcus faeca l i s (ATCC 29212) ,
Aeromonas hydrophila (ATCC 35654), Bacillus cereus
(ATCC 11778), enterohaemorrhagic Escherichia coli
(EHEC), enterotoxigenic E. coli (ETEC)12652 (obtained
from NICED, India), Candida albicans (ATCC 10231),
and Saccharomyces cerevisiae (ATCC 9763). Commercial
BD BBLTM Sensi-Disks antimicrobial susceptibility test
disks were used. The determinations were performed at
least twice and the averages of the values reported.

Fractionation of the active enzymatic extracts

The preliminary screening of the enzymatic extracts on differ-
ent antioxidant activity assays and total phenolic compounds
revealed that some of the seaweed extracts digested with par-
ticular enzymes showed high bioactivity. In order to under-
stand the components responsible for this bioactivity, these
extracts were further fractionated into phenolic-rich (PhR frac-
tion), protein-rich (PrR fraction), polysaccharide-rich (PsR
fraction), and low molecular weight fractions (LMW frac-
tions) according to the method of Farvin and Jacobsen
(2015). In brief, about 10 g of freeze dried enzymatic extracts
prepared by above described procedure was dissolved in
150 mL of distilled water and was extracted three times with
100 mL ethyl acetate. The ethyl acetate phase was collected
and the aqueous phase was extracted with ethyl acetate after
adjusting to pH 5 and subsequently to pH 2. The ethyl acetate
phase was pooled into the same bottle and concentrated by
using a rotary evaporator and this formed the PhR fraction.
The pH precipitated fraction obtained by the centrifugation of
aqueous layer at 1500×g for 10 min was considered as PrR
fraction. The supernatant was precipitated with three times
absolute ethanol and was subjected to low-temperature pre-
cipitation overnight. It was centrifuged at 1500×g for 10 min
and the supernatant was collected. Ethanol in the supernatant
was removed by rotary evaporation and freeze dried. This
formed the low molecular weight fraction (LMW fraction).
The precipitate obtained after centrifugation was dissolved
in distilled water and was de-proteinated by liquid-liquid par-
tition with Sevag reagent (butanol:chloroform, 1:5) (Staub
1965) several times, then precipitated with three volumes of
absolute ethanol. The precipitate obtained after centrifugation
at 1500×g for 10 min was freeze dried and this forms the PsR
fraction. The yield of each fraction obtained were expressed as
g (100 g)−1 extract.

Characterization and bioactivity screening
of the fractions

The four fractions (PhR, PrR, PsR, and LMW fractions) ob-
tained from the enzymatic extracts were evaluated for chem-
ical composition. The total phenolic content (TPC) of the dif-
ferent fractions were determined by the Folin-Ciocalteu meth-
od (Farvin and Jacobsen 2013). The soluble protein content of
the LMW and PrR fractions were determined by Bradford
microassay method with bovine serum albumin (BSA) as
standard (Bradford 1976). Total reducing sugars and soluble
carbohydrates for the LMWand PsR fractions were analysed
by the dinitrosalicylic acid (DNS) (Miller 1959) and phenol-
sulphuric acid method (Masuko et al. 2005) respectively, with
glucose as the standard. These individual fractions were fur-
ther screened for antioxidant activity as mentioned earlier.
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Statistical analysis

The results were expressed as mean ± standard deviation (SD)
of triplicate analysis. The data on the various assays were
subjected to two-way analysis of variance (ANOVA) using
GraphPad Prism 7.04 (GraphPad Software Inc., USA).
Tukey’s multiple comparison test was used for comparison
of the group means. P value < 0.05 was considered as statis-
tically significant. In order to choose the extract for fraction-
ation, the complex data on the four antioxidant assays, total
phenolic content of the different enzymatic extracts were sub-
jected to principal component analysis (PCA) by using
Unscrambler version 10.0 (Camo, Norway).

Results and discussion

Yield and total phenolic content of the enzymatic
extracts

The yield of enzymatic extracts from brown seaweeds were
compared with water extracts (Table 2). The yield of the en-
zymatic extracts varied with seaweed species and also the
enzyme used for the extraction. The overall yield showed that
the enzymatic extraction recovered about 1.2 to 3 times more
cell wall material compared to control water extraction in dif-
ferent seaweeds (Table 2). The enzymes break down the algal
cell walls and complex inner storage materials, thereby releas-
ing compounds into solution which may be the reason for the
higher yield of enzymatic extracts over the conventional water
extracts. The yield of the enzymatic extracts of different sea-
weeds ranged from 30.3 ± 1.3 to 92.9 ± 2.2% while the yield
of water extracts ranged from 18.7 ± 0.3 to 50.8 ± 1.3%.
Except P. gymnospora and C. cervicornis, the protease and
carbohydrase treatments yielded high soluble materials indi-
cating extraction of more compounds to the solution by break-
ing the important interlinks in the cell walls. The enzymatic
extracts of brown seaweeds F. irregularis and C. sinuosa
showed higher yield when compared to other species. The
enzymatic extracts of P. gymnospora had the lowest yield.
This species may contain less digestible protein and polysac-
charides when compared to the other seaweeds. In general,
proteases showed higher yield than carbohydrases. Among
the five carbohydrases, Ultraflo showed high yield in all the
brown seaweeds, and in proteases, Flavourzyme showed the
highest yield.

Ultraflo L is a heat-stable multi-β-glucosidase from the
fungus Humicola insolens. Ultraflo L might have broken
down the laminarin (β-1,3-glucan), the main storage
polysacharide in brown algae and contributed to the higher
yield. Unlike Alcalase (endo-peptidase) and Neutrase
(metallo-endoprotease), Flavourzyme is an enzyme complex
containing both endoprotease and exopeptidase which might

have broken down different peptide bonds in the cell wall
proteins as well as the proteins inside the cells leaving more
soluble fractions. In addition to this, some species showed
high yield in certain enzymes; for example, S. angustifolium,
S. boveanum, and C. cervicornis showed high yield in
Alcalase and Neutrase treatment whereas F. irregularis
showed significantly (P < 0.001) high yield in Termamyl and
Neutrase and I. stellata in Alcalase and Celluclast treatments.
The breaking down of cell walls by the enzymes used for the
hydrolysis have different specificities for the different block
structures of cell wall and hence resulted in a mixture of com-
pounds with different yield.

Total phenolic content also varied with species and enzyme
used for extraction (Table 2). S. angustifolium, S. boveanum,
and F. irregularis showed high total phenolic content in al-
most all the enzymatic extracts. In S. angustifolium, the
highest phenolic content was for Flavourzyme followed by
Viscozyme, whereas S. boveanum showed the highest pheno-
lic content in AMG, Termamyl, and Alcalase. Viscozyme
followed by Alcalase released more phenolic content in
F. irregularis. Lowest TPC was observed in I. stellata which
was followed by C. sinuosa , C. cervicornis , and
P. gymnospora. In C. cervicornis and P. gymnospora,
Alcalase extracts showed more phenolic compounds. In all
of these brown seaweeds, the control with water extraction
showed significantly (P < 0.001) lower TPC when compared
to the enzymatic extracts.

The cell walls of brown seaweeds are made of cellulose,
sulphated fucans, and alginates. The sulphated fucan and al-
ginates form the main portion of the cell walls which comprise
up to 45% of algal dry weight while cellulose accounts for a
small portion (1–8% of algal dry weight) depending upon the
species (Michel et al. 2010). Halogenated and/or sulphated
phenolic compounds known as phlorotannins and halide com-
pounds as iodide are additional components in brown algal
cell walls which form strong complexes with proteins either
by reversible hydrogen bonding or by irreversible covalent
condensation (Deniaud-Bouët et al. 2014). In traditional water
extraction, the presence of these compounds in the cell wall
limits the accessibility of water to bioactive compounds, there-
by reducing the extraction efficiency. The different enzymes
used in the study might have cleaved the cell wall-associated
polysaccharides and proteins at different positions depending
upon the enzyme specificity, thereby releasing the bound
compounds, which resulted in higher yield and total
phenolic content of the enzymatic extracts than the control
water extracts. The difference in yield and total phenolic
content of the enzymatic extracts in different species stems
from their cell wall composition. In the present study, the
yield and total phenolics obtained for the enzymatic extracts
of S. boveanum and S. angustifolium were far higher than the
yield and total phenolics of other Sargassum spp. reported by
Heo et al. (2003) from Korea and Sánchez-Camargo et al.

J Appl Phycol (2020) 32:615–629 619



(2016) from France. This might be due to difference in species
as well as the geographical location of the seaweeds. Kuwait
coast is a unique environment with high salinity (34 to 45 ppt),
temperature (30–35 °C), and UV index (8–9). During low
tides, about 2–3 km of the intertidal areas is exposed to sun-
light; hence, the algae in this coast have to be exposed to
dehydration for 3–4 h during the low tides. As an adaptation,
these seaweeds might produce rigid cell walls incorporating
more phenolics and sulphated polysaccharides. Studies have
shown that when brown algae were transplanted from low
saline to high saline waters, the genes responsible for the pro-
duction of sulphated polysaccharides and phenolic polymers
were upregulated in order to change the plasticity of cell wall
composition in relation to habitat (Megías et al. 2007; Dittami
et al. 2012).

Antioxidant activity of enzymatic extracts

The enzymatic extracts obtained from different brown sea-
weeds were screened for antioxidant activity by using four
in vitro assays, viz., radical scavenging, metal chelating, re-
ducing power, and inhibition of lipid oxidation in liposome

model system. Table 3 shows the antiradical power (1/EC50)
of the different enzymatic extracts. The antiradical power of
the different enzymatic extracts ranged from 0.5 ± 0.01 to
12.5 ± 0.6 and varied with species and also with the enzyme
used for the extraction. In general, the carbohydrases showed
high radical scavenging activity when compared to proteases,
and in the proteases, Neutrase showed highest radical scav-
enging activity. S. angustifolium and S. boveanum followed
by F. irregularis showed significantly (P < 0.001) high anti-
radical power. The highest antiradical power among all the
species studied was for S. angustifolium and S. boveanum
when hydrolysed with Viscozyme and AMG. These species
also showed high antiradical power when hydrolysed with
Termamyl, Ultraflo, and Neutrase. F. irregularis showed high
antiradical power in Neutrase and Ultraflo extracts. The anti-
radical power of the different enzyme extracts of
P. gymnospora,C. cervicornis,C. sinuosa, and I. stellatawere
significantly (P < 0.001) low when compared to Sargassum
species studied (Table 3). The control water extracts showed
significantly (P < 0.001) low antiradical power except for
C. cervicornis where the water extracts showed significantly
(P < 0.001) high antiradical power than the enzymatic extracts

Table 2 Yield and total phenolic content of the enzymatic extracts from different brown seaweeds

Enzymes S. angustifolium S. boveanum P. gymnospora C. cervicornis C. sinuosa F. irregularis I. stellata

% Yield (g (100 g)−1 dried seaweed)

Carbohydrases

Viscozyme 59.9 ± 1.1 b,y 59.8 ± 3.2 b,y 37.7 ± 1.5 b,x 62.2 ± 2.6 b,y 72.2 ± 2.0 b,z 72.7 ± 3.1 b,z 60.0 ± 2.9 b,y

AMG 53.2 ± 1.4 b,y 53.6 ± 1.7 b,y 38.5 ± 1.0 b,x 57.8 ± 2.0 b,y 72.3 ± 2.5 b,z 75.8 ± 4.6 b,z 65.4 ± 2.2 b,y

Celluclast 64.8 ± 1.2 b,y 63.9 ± 1.6 b,y 33.7 ± 1.0 b,x 64.8 ± 1.1 b,y 70.7 ± 2.1 b,z 74.7 ± 4.6 b,z 74.3 ± 2.6 c,z

Termamyl 55.6 ± 2.0 b,x 62.7 ± 1.5 b,x 30.3 ± 1.3 b,w 56.5 ± 2.1 b,x 71.0 ± 2.3 b,y 85.4 ± 4.0 b,c,z 65.6 ± 3.0 b,x,y

Ultraflo 75.6 ± 1.0 c,x 75.4 ± 2.0 c,x 36.2 ± 1.0 b,w 77.6 ± 1.0 c,x 82.5 ± 3.2 c,y 95.1 ± 2.0 c,z 72.7 ± 1.3 c,x

Proteases

Flavourzyme 92.3 ± 2.0 d,z 90.2 ± 1.1 d,z 59.1 ± 1.2 c,x 82.7 ± 2.0 d,y 83.8 ± 2.2 c,y 92.9 ± 2.2 c,z 82.0 ± 2.9 d,y

Alcalase 72.6 ± 1.5 c,y 70.2 ± 1.0 a,c,y 34.4 ± 1.0 b,x 72.6 ± 2.0 c,y 74.2 ± 4.5 b,y 77.9 ± 2.0 b,y 70.8 ± 1.0 b,c,y

Neutrase 70.8 ± 1.0 b,c,x,y 74.4 ± 1.5 c,y 33.6 ± 1.0 b,w 75.1 ± 2.0 c,y 67.8 ± 2.0 a,b,x 92.0 ± 2.9 c,z 64.6 ± 2.0 b,x

Control (water) 36.9 ± 0.3 a,y 29.1 ± 1.1 a,y 18.7 ± 0.3 a,x 46.1 ± 0.9 a,z 50.8 ± 1.3 a,z 44.1 ± 1.1 a,z 39.3 ± 0.6 a,y,z

Total phenolic content (mg GAE g−1 extract)

Carbohydrases

Viscozyme 72.5 ± 3.7 d,y 70.8 ± 1.2 c,d,y 22.3 ± 2.3 a,w 32.2 ± 3.2 a,x 21.4 ± 1.6 a,w 82.5 ± 3.0 e,z 24.4 ± 0.5b,w

AMG 66.3 ± 1.3 c,y 74.8 ± 1.2 d,z 27.0 ± 0.2 a,w 33.9 ± 5.8 a,w 23.1 ± 1.1 a,w 46.1 ± 1.2 b,x 19.8 ± 0.5 b,w

Celluclast 59.2 ± 1.6 c,x 58.3 ± 2.2 c,x 29.5 ± 1.7 a,w 26.1 ± 1.1 a,w 24.4 ± 0.3 a,w 54.8 ± 1.0 b,x 22.2 ± 0.1 b,w

Termamyl 61.1 ± 1.2 c,y 74.8 ± 1.8 d,z 33.4 ± 1.4 a,b,w 32.9 ± 2.3 a,w 22.7 ± 1.1 a,v 50.5 ± 1.2 b,x 22.7 ± 2.2 b,v

Ultraflo 62.4 ± 1.2 c,z 65.4 ± 5.0 c,z 36.5 ± 2.0 a,b,x 30.1 ± 0.5 a,x 21.7 ± 0.5 a,w 48.7 ± 1.9 b,y 20.4 ± 0.3 b,w

Proteases

Flavourzyme 84.0 ± 6.7 e,z 61.2 ± 1.0 c,y 41.3 ± 2.8 a,b,x 31.2 ± 0.5 a,w 27.7 ± 4.5 a,w 62.6 ± 0.7 c,y 22.0 ± 0.9 b,w

Alcalase 69.3 ± 2.1 c,d,y 74.8 ± 1.5 d,z 63.8 ± 3.4 b,y 43.0 ± 2.6 b,x 32.0 ± 2.5 b, w 75.0 ± 0.7 d,z 38.4 ± 1.3 b,w

Neutrase 50.0 ± 3.7 b,y 50.5 ± 2.9 b,y 32.3 ± 1.9 a,b,x 29.8 ± 1.6 a,x 24.4 ± 2.0 a,x 65.7 ± 0.6 c,z 25.5 ± 0.4 b,x

Control (water) 22.9 ± 5.0 a,y 32.4 ± 3.9 a,z 24.5 ± 3.6 a,y 37.3 ± 5.1 b,z 16.7 ± 1.7 a,x 28.2 ± 4.2 a,y 9.5 ± 1.9 a,x

Values are as mean ± SD (n = 3). Tukey’s test. The letters a, b, c, d, and e show the significant difference among enzymatic extracts of particular seaweed
species and the letters w, x, y, and z show the significant difference among the extracts of the different species. Same letters show no significant difference
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(Table 3). The water extracts of this species also showed high
phenolic content (Table 2).

Similar to our results, studies involving enzymatic extrac-
tion of other Sargassum species also showed a high radical
scavenging activity. Heo et al. (2005) reported a high free
radical scavenging of S. correanum when hydrolysed by
Viscozyme. Similarly, S. horneri and S. muticum also showed
high antioxidant activity including high radical scavenging
activity when hydrolysed with Viscozyme and Alcalase
(Park et al. 2004; Sánchez-Camargo et al. 2016). Though the
extracts which showed high radical scavenging activity also
contained high total phenolics, some extracts with high total
phenolic content such as Flavourzyme extracts of
S. angustifolium, Alcalase extracts of S. boveanum,
P. gymnospora, and F. irregularis did not show high radical
scavenging activity. This indicated that phenolic compound
alone was not responsible for the antiradical power, and other
co-extracted compounds such as proteins, peptides, and oligo-
saccharides also contributed to radical scavenging activity.

In contrast to antiradical power, the iron chelating property
was high for protease-digested extracts when compared to

carbohydrases (Table 3). The seaweeds extracted with the
Flavourzyme and Alcalase showed significantly (P < 0.001)
high iron chelating activity when compared to other enzymat-
ic extractions by having low EC50 values. Padina
gymnospora-Flavourzyme extracts showed the highest iron
chelat ing activi ty. Water extracts of C. sinuosa ,
C. cervicornis, and I. stellata showed significantly high
EC50 values when compared to enzymatic extracts indicating
a very low iron chelating activity. Water extracts of
S. angustifolium showed iron chelating activity similar to that
of Termamyl and Ultraflo whereas the iron chelating activity
of S. boveanum was similar to Viscozyme and Celluclast
extracts. The high iron chelating activity of the proteases
indicated that small proteins and peptides released during the
enzymatic hydrolysis of the seaweeds are responsible for the
iron chelating activity. Megías et al. (2007) reported a notable
copper chelation of Alcalase and Flavourzyme hydrolysates of
chick pea proteins and they isolated copper chelating peptides
from these extracts.

Table 4 shows the reducing power of the different enzymat-
ic extracts of seaweeds. In general, the reducing power was

Table 3 The antiradical power and iron chelating activity of different brown seaweed enzymatic extracts

Enzymes S. angustifolium S. boveanum P. gymnospora C. cervicornis C. sinuosa F. irregularis I. stellata

Antiradical power (1/EC50)

Carbohydrases

Viscozyme 12.5 ± 0.6 d,z 12.5 ± 0.4 d,z 0.8 ± 0.1 a,w 3.3 ± 0.1 b,c,x 1.1 ± 0.1 a,w 7.1 ± 0.3 c,y 1.0 ± 0.1 a,w

AMG 12.5 ± 0.2 d,z 11.1 ± 0.2 c,z 0.6 ± 0.1 a,w 2.3 ± 0.2 b,x 0.8 ± 0.1 a,w 4.0 ± 0.2 b,y 0.5 ± 0.1 a,w

Celluclast 0.8 ± 0.1 a,w 4.0 ± 0.1 b,x 3.7 ± 0.2 b,x 1.5 ± 0.1 a,w 1.1 ± 0.1 a,w 3.7 ± 0.3 b,x 0.71 ± 0.1 a,w

Termamyl 11.1 ± 0.2 c,z 11.1 ± 0.2 c,z 4.2 ± 0.1 b,y 3.8 ± 0.1 c,y 1.7 ± 0.2 a,b,x 4.1 ± 0.0 b,y 1.0 ± 0.3 a,x

Ultraflo 11.1 ± 0.1 c,z 11.1 ± 0.3 c,z 3.3 ± 0.1 b,x 3.8 ± 0.3 c,x 1.7 ± 0.1 a,b,w 8.3 ± 0.4 d,y 1.4 ± 0.1 a,b,w

Proteases

Flavourzyme 2.3 ± 0.1 b,y 1.7 ± 0.1 a,x 0.8 ± 0.1 a,x 2.8 ± 0.2 b,y 1.1 ± 0.1 a,x 6.7 ± 0.2 c,z 0.9 ± 0.1 a,x

Alcalase 2.5 ± 0.1 b,y 2.4 ± 0.1 a,y 0.7 ± 0.1 a,x 2.9 ± 0.1 b,y 0.5 ± 0.01 a,x 1.0 ± 0.1 a,x 1.1 ± 0.1 a,x

Neutrase 11.1 ± 0.3 c,z 10.0 ± 0.2 c,y 3.5 ± 0.4 b,w 4.5 ± 0.3 c,x 2.5 ± 0.4 c,v 11.1 ± 0.2 e,z 1.6 ± 0.1 b,v

Control (water) 0.7 ± 0.01 a,x 1.2 ± 0.01 a,x 1.4 ± 0.01 a,x 9.1 ± 0.1 d,z 0.7 ± 0.01 a,x 2.5 ± 0.01 a,y 0.5 ± 0.01 a,x

Iron chelating activity (EC50, mg mL−1)

Carbohydrases

Viscozyme 4.8 ± 0.1 d,x 4.3 ± 0.1 d,w 2 ± 0.1 c,u 7.4 ± 0.1 f,y 9.4 ± 0.3 f,z 2.8 ± 0.1 b,v 4 ± 0.4 d,w

AMG 2.8 ± 0.1 b,w 3.2 ± 0.1 b,c,x 2.4 ± 0.1 c,w 2.7 ± 0.1 d,w 5.6 ± 0.1 d,y 3.3 ± 0.1 c,x 3.6 ± 0.2 c,x

Celluclast 4.3 ± 0.2 d,x 4.2 ± 0.2 d,x 2.4 ± 0.2 c,w 4.0 ± 0.3 e,x 8.6 ± 0.4 e,y 3.9 ± 0.2 d,x 4.2 ± 0.2 d,x

Termamyl 3.6 ± 0.2 c,y 2.8 ± 0.3 b,x 1 ± 0.1 a,b,w 3.3 ± 0.1 e,y 3.5 ± 0.2 b,y 2.4 ± 0.1 b,x 2.7 ± 0.1 b,x

Ultraflo 3.2 ± 0.1 c,y 2.4 ± 0.2 b,x 0.6 ± 0.1 a,w 3.4 ± 0.1 e,y 8 ± 0.3 e,z 3 ± 0.2 c,y 3.4 ± 0.2 c,y

Proteases

Flavourzyme 0.4 ± 0.1 a,x 0.6 ± 0.1 a,x 0.2 ± 0.1 a,x 1.0 ± 0.1 b,y 0.7 ± 0.1 a,x 0.6 ± 0.1 a,x 0.7 ± 0.1 a,x

Alcalase 0.6 ± 0.2 a,x 0.6 ± 0.1 a,x 0.4 ± 0.1 a,x 0.6 ± 0.1 a,x 0.6 ± 0.1 a,x 0.5 ± 0.1 a,x 0.7 ± 0.1 a,x

Neutrase 2 ± 0.2 b,y 2.1 ± 0.2 b,y 0.9 ± 0.1 a,x 2 ± 0.1 c,y 4.4 ± 0.3c,z 2.5 ± 0.3 b,y 2.8 ± 0.2 b,y

Control (water) 3.9 ± 0.2 c,x 4.0 ± 0.1 d,x 1.6 ± 0.1 b,v > 10 g,z > 10 g,z 2.2 ± 0.1 b,y 8.8 ± 0.3 e,y

Values are expressed asmean ± SD (n = 3). Tukey’s test. The letters a, b, c, d, and e show the significant difference among enzymatic extracts of particular
seaweed species and the letters w, x, y, and z show the significant difference between extracts of the different species. Same letters indicate no significant
difference
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low in all the extracts including control and enzymatic extracts
when compared to ascorbic acid (Farvin et al. 2019). Among
the d i f f e ren t seaweeds , Viscozyme ex t rac t s o f
S. angustifolium and S. boveanum showed the highest reduc-
ing power (Table 4). In all the seaweeds, the control water
extracts also showed low reducing power and there is no sig-
nificant difference between the enzymatic extracts. Several
authors have correlated the reducing property of the extracts
and its total phenolic content (Paixão et al. 2007; Dudonné
et al. 2009; Chakraborty et al. 2015). In the present study,
though the Viscozyme extracts of Sargassum sp. which
showed the highest reducing power also contain high total
phenolic content, other enzyme extracts which contained high
total phenolic content did not have high reducing power. This
indicated that reducing power depends on the compounds re-
leased by the enzyme which in turn varies with seaweed spe-
cies and cell wall composition. Viscozyme is a multi-enzyme
complex containing arabinase, cellulase, β-glucanase,
hemicellulase, and xylanase (Novozyme Nordisk, Denmark).
When Sargassum sp. was hydrolysed by this multi-enzyme
complex, it released a combination of different poly- or

oligosaccharides along with phenolics depending upon the
cell wall composition, which may be responsible for the high
reducing property of these extracts. Similarly, Viscozyme hy-
drolysates of wine making by-products have been reported to
release more bound phenolics and were shown to have high
reducing power (Camargo et al. 2016). Viscozyme released
higher amounts of some phenolics compared to pronase treat-
ment and certain phenolics such as p-coumaric, caffeic acids,
and procyanidin dimer B were extracted only with Viscozyme
but not with pronase treatment (Camargo et al. 2016). Thus,
the high reducing power of Viscozyme hydrolysate of
Sargassum sp. might be due to the release of specific com-
pounds present in these seaweeds.

Table 4 also shows the inhibition of TBARS formation of
different enzymatic extracts in liposome model system. The
inhibition of lipid oxidation among the different brown sea-
weeds varied from − 3.8 ± 1.3 to 62.5 ± 2.5% depending upon
the enzyme used for hydrolysis and the species of seaweeds. S.
boveanum showed the highest inhibition of lipid oxidation in
almost all the enzyme extracts except Celluclast. This was
followed by Ultraflo, Alcalase, and AMG extracts of

Table 4 The reducing power and inhibition of lipid peroxidation in liposomal model system of the different enzymatic extracts of brown seaweeds

Enzymes S. angustifolium S. boveanum P. gymnospora C. cervicornis C. sinuosa F. irregularis I. stellata

Reducing power at 1 mg concentration (10 mg mL−1)

Carbohydrases

Viscozyme 1.0 ± 0.0 e,z 1.0 ± 0.08 e,z 0.2 ± 0.01 a,w 0.4 ± 0.0 c,x 0.1 ± 0.0 a,v 0.8 ± 0.0 e,y 0.2 ± 0.0 b,w

AMG 0.5 ± 0.02 b,y 0.8 ± 0.01 d,z 0.3 ± 0.0 b,w 0.4 ± 0.0 c,x 0.2 ± 0.0 b,v 0.4 ± 0.01 b,x 0.1 ± 0.0 a,u

Celluclast 0.4 ± 0.02 b,y 0.5 ± 0.01 a,z 0.2 ± 0.02 a,w 0.2 ± 0.0 a,w 0.2 ± 0.01 b,w 0.3 ± 0.0 a,x 0.1 ± 0.0 a,v

Termamyl 0.6 ± 0.0 c,z 0.6 ± 0.01 b,z 0.3 ± 0.0 b,x 0.4 ± 0.01 c,y 0.2 ± 0.01 b,w 0.4 ± 0.01 b,y 0.2 ± 0.0 b,w

Ultraflo 0.7 ± 0.01 d,z 0.6 ± 0.01 b,y 0.3 ± 0.01 b,w 0.4 ± 0.01 c,x 0.2 ± 0.01 b,v 0.4 ± 0.01 b,x 0.2 ± 0.0 b,v

Proteases

Flavourzyme 0.9 ± 0.01 e,z 0.6 ± 0.02 b,y 0.4 ± 0.0 c,w 0.3 ± 0.01 b,v 0.2 ± 0.01 b,u 0.5 ± 0.01 c,x 0.2 ± 0.0 b,u

Alcalase 0.6 ± 0.02 c,y 0.7 ± 0.01 c,z 0.5 ± 0.01 d,x 0.4 ± 0.03 c,w 0.2 ± 0.01 b,u 0.6 ± 0.01 d,y 0.3 ± 0.01 c,v

Neutrase 0.5 ± 0.0 b,z 0.5 ± 0.02 a,z 0.3 ± 0.09 b,x 0.4 ± 0.0 c,y 0.2 ± 0.0 b,w 0.4 ± 0.0 b,y 0.2 ± 0.0 b,w

Control (water) 0.1 ± 0.01 a,v 0.6 ± 0.03 b,y 0.3 ± .01 b,x 0.6 ± 0.01 d,y 0.2 ± 0.01 b,w 0.3 ± 0.0 a,x 0.2 ± 0.0 b,w

Inhibition of TBARS formation in liposomes (at 5 mg mL−1)

Carbohydrases

Viscozyme 24.2 ± 1.4 b,y 50.6 ± 5.0 b,z 30.6 ± 0.3 b,c,y 17.4 ± 1.8 c,x 17.0 ± 0.9 b,x 25.5 ± 8.2 b,y 13.0 ± 1.4 b,x

AMG 41.7 ± 3.8 d,y 62.5 ± 2.5 c,z 49.6 ± 3.1 d,y 20.3 ± 2.3 c,x 16.5 ± 3.1 b,x 40.5 ± 9.2 c,y 15.5 ± 1.4 b,x

Celluclast 16.9 ± 2.1 b,x 17.9 ± 5.9 a,x 44.0 ± 1.3 d,y 19.8 ± 1.6 c,x 15.0 ± 0.0 b,x 36.7 ± 1.1 b,y 20.3 ± 2.9 b,c,x

Termamyl 35.2 ± 5.6 c,y 56.9 ± 2.3 b,z 8.9 ± 1.2 a,x 3.6 ± 0.4 b,x 1.8 ± 0.9 a,x 23.4 ± 1.8 b,y − 1.1 ± 3.8 a,w

Ultraflo 45.2 ± 2.8 d,z 52.5 ± 5.7 b,z 9.4 ± 2.2 a,x − 3.8 ± 1.3 a,w 3.5 ± 1.0 a,x 21.6 ± 1.4 b,y 4.7 ± 0.9 b,x

Proteases

Flavourzyme 29.4 ± 5.4 b,y 48.1 ± 4.4 b,z 26.9 ± 2.3 b,c,y 13.1 ± 1.3 c,x 21.8 ± 4.4 b,y 23.3 ± 3.4 b,y 5.6 ± 1.0 b,w

Alcalase 47.2 ± 2.5 d,z 56.5 ± 1.1 b,z 16.7 ± 0.8 b,x 19.9 ± 1.3 c,x 29.6 ± 4.1 c,y 31.8 ± 1.3 b,y 23.2 ± 1.8 b,c,x

Neutrase 8.4 ± 4.1 a,x 51.1 ± 2.9 b,z 15.0 ± 3.6 b,x,y 8.7 ± 1.1 b,x 2.0 ± 0.3 a,x 17.3 ± 1.1 a,x 9.1 ± 1.6 b,x

Control (water) 18.2 ± 2.7 b,z 18.0 ± 3.7 a,z 6.9 ± 0.9 a,y − 1.1 ± 2.3 a,x 6.1 ± 0.3 a,y 10.1 ± 0.5 a,y 1.8 ± 0.2 b,x

Values are expressed asmean ± SD (n = 3). Tukey’s test. The letters a, b, c, d, and e show the significant difference among enzymatic extracts of particular
seaweed species and the letters w, x, y, and z show the significant difference between extracts of the different species. Same letters indicate no significant
difference
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S. angustifolium , AMG and Celluclast extracts of
P. gymnospora, and AMG extracts of F. irregularis. All the
other extracts showed low inhibition. Water and Ultraflo ex-
tracts of C. cervicornis and Teramyl extracts of I. stellata
showed pro-oxidant activity. The control water extracts
showed significantly (P < 0.001) low inhibition of lipid oxi-
dation when compared to enzymatic extracts. Water extracts
of S. boveanum and S. angustifolium were similar to
Celluclast extracts. The antioxidant activity of the different
extracts in the liposome model system did not correlate with
antiradical power, iron chelating, and reducing power.
Liposome system is a prototype for the real lipid containing
systems. So the extracts which showed high inhibition in li-
posome model systems may work well in real food system
containing lipids (Farvin and Jacobsen 2015). Similar to our
observation, Heo et al. (2003) also reported that there was no
correlation between antiradical power and inhibition of lipid
oxidation of the enzymatic extracts in linoleic acid oxidation.
The difference in antioxidant activity of different enzymatic
extracts might come from the different compounds released
from the seaweeds depending upon the seaweed composition
and specificity of the enzyme. The bioactivities of polysac-
charides were reported to vary according to their structural
makeup, monosaccharide composition, sulphate content, po-
sition of sulphate ester groups, and molecular weight (Li et al.
2008).

Antimicrobial properties of the different enzymatic
extracts

Table 5 shows the antimicrobial activity of the enzymatic ex-
tracts of different brown seaweeds. In general, the digestion
with Flavourzyme resulted more number of seaweed extracts
with antibacterial activity. The proteases, Alcalase, and
Neutrase yielded no antibacterial extracts in any of the sea-
weeds (data not shown) and no extract was effective against
any of the pathogenic E. coli (EPEC, ETEC, EHEC) and
C. albicans (data not shown). F. irregularis showed antibac-
terial activity against S. aureus when hydrolysed with
Viscozyme, Celluclast, and Flavourzyme. C. sinuosa when
hydrolysed with Flavourzyme showed high antibacterial ac-
tivity against E. faecalis and low activity against B. cereus. P.
gymnospora showed antibacterial activity against E. faecalis
and B. cereus when digested with Celluclast and Ultraflo re-
spectively. AMG extracts of C. cervicornis showed antibacte-
rial activity against A. hydrophila and S. angustifolium
showed antibacterial activity against S. cerevisiae. I. stellata
showed antibacterial activity against B. cereus when hydro-
lysed with Flavourzyme. However, the inhibition zones of
most of these extracts were very low except P. gymnospora
Celluclast and C. sinuosa Flavourzyme extracts. The EC50

value of these extracts was 5 mg mL−1. As the zone of inhi-
bition from the enzymatic extracts were very low, we can infer

that the extracts from these seaweeds are poor antimicrobial
agents.

Phlorotannins isolated from brown algae were reported to
possess antibacterial activity against a number of foodborne
pathogens including S. aureus and B. cereus (Eom et al.
2012). Nagayama et al. (2002) reported that the interactions
of phlorotannins with bacterial enzymes and proteins may
play an important role in the bactericidal action. However, in
the present study, most of the extracts which showed the an-
tibacterial activity contained less total phenolics when com-
pared to other extracts which did not show any antibacterial
activity. So phlorotannin alone is not responsible for the anti-
bacterial activity. It is interesting to note that antimicrobial
activity was species dependent and also on the hydrolysing
enzymes used. The seaweeds when hydrolysed with particular
proteases and carbohydrases will liberate a series of poly- or
oligosaccharides, proteins, and peptides along with the
phenolic compounds depending on the specificity of the
enzyme and the nature of cell wall composition of seaweeds.
Thus, the composition and the bioactivity of the enzyme
extracts differ with seaweeds and enzymes used for
hydrolysis. In the present study, Alcalase and Neutrase, an
endopeptidase and metalloendoprotease respectively, when
acted on seaweeds, the resulting extracts do not have any
antibacterial activity. However, Flavourzyme, an enzyme
complex containing both endoprotease and exopeptidase,
when acted on seaweed might have liberated some peptides
which showed antibacterial activity. Similarly, Taha et al.
(2013) reported that when sunflower protein isolate hydro-
lysed with a mixture of Alcalase and Flavourzyme, it showed
antibacterial activity against all of the tested microorganisms
but not when digested with individual enzymes. Likewise,
peptides obtained by the trypsin hydrolysis of the seaweed
Saccharina longicruris were shown to have antibacterial
against S. aureus (Beaulieu et al. 2015).

Puspita et al. (2017b) studied the antimicrobial and antiox-
idant activity of enzymatic extracts from three species of trop-
ical Sargassum. They found that the Sargassum sp. showed no
antibacterial activity when hydrolysed by Viscozyme or
protamax. In our study also, when Sargassum digested with
Viscozyme and other proteases, it did not yield any antibacte-
rial activity against the test organisms. However,
S. angustifolium when digested with AMG showed activity
against yeast S. cerevisiae. AMG, an exo-1,4-α-D-glucosi-
dase from Aspergillus niger, might have cleaved the sulphated
fucans at different positions and released the fucoidans or low
molecular weight fucans with antimicrobial activity. The
fucoidans and low molecular weight fucan from different sea-
weed have been reported to possess antibacterial activity
against foodborne pathogens (Huang et al. 2018; Jun et al.
2018).

Fucans from brown algae are reported to have backbones
which contain either long stretches of alternating α-(1–3)- and
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α-(1–4)-L-fucose residues bearing one sulphate group in C2
or C4, or backbones based on a α-(1–3)-linked L-fucose res-
idues bearing one or two sulphate groups in C2 and C4
(Deniaud-Bouët et al. 2017). However, some brown alga
shows difference in structure by having substitutions such as
acetyl groups and/or side chains of distinct lengths, sugar
compositions, and at various bonding positions (Nagaoka
et al. 1999; Ale and Meyer 2013; Deniaud-Bouët et al.
2014), which increases the number of possible structure.
This may be the reason for the difference in bioactivity of
different enzymatic extracts.

Isolation and characterization of specific compounds
of interest

Results of the screening revealed that antimicrobial activities
of the seaweed enzymatic hydrolysates are very low. Hence,
the antioxidant activity and total phenolic content was used as
a criterion for selecting the extracts for characterization. The
data on the four antioxidant assays and TPC were very diffi-
cult to compare as there are 63 extracts. Hence, a PCA plot
was made on the complex data of different antioxidant activ-
ities and total phenolic content of the enzyme extracts

Table 5 The antimicrobial properties of different enzymatic extracts

Enzymes Species S. aureus E. faecalis S. cerevisiae B. cereus A. hydrophila

Viscozyme S. boveanum – – – – –

S. angustifolium – – – – –

P. gymnospora – – – – –

C. cervicornis – – – – –

C. sinuosa – – – – –

F. irregularis 7.0 ± 0.8 – – – –

I. stellata – – – – –

AMG S. boveanum – – – – –

S. angustifolium – – 7.5 ± 0.7 – –

P. gymnospora – – – – –

C. cervicornis – – – – 7. 0 ± 0. 6

C. sinuosa – – – – –

F. irregularis – – – – –

I. stellata – – – – –

Celluclast S. boveanum – – – – –

S. angustifolium – – – – –

P. gymnospora – 15.0 ± 1.3 – – –

C. cervicornis – – – – –

C. sinuosa – – – – –

F. irregularis 7.0 ± 0.5 – – – –

I. stellata – – – – –

Ultraflo S. boveanum – – – – –

S. angustifolium – – – – –

P. gymnospora – – – 7.0 ± 0.4 –

C. cervicornis – – – – –

C. sinuosa – – – – –

F. irregularis – – – – –

I. stellata – – – – –

Flavourzyme S. boveanum – – – – –

S. angustifolium – – – – –

P. gymnospora – – – – –

C. cervicornis – – – – –

C. sinuosa – 22.0 ± 1.5 – 7.0 ± 0.5 –

F. irregularis 8.0 ± 0.6 – – – –

I. stellata – – – 7.0 ± 0.3 –

The symbol “–” represents no activity. Values are in mm and expressed as mean ± SD (n = 2)
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(Fig. 1a, b). From the PCA plot, it could be inferred that
S. boveanum showed high antioxidant activity especially
when it was hydrolysed with Viscozyme and Alcalase.
Hence, S. boveanum-Viscozyme and S. boveanum-Alcalase
extracts were selected for further fractionation and character-
ization. Each enzymatic extract was further fractionated into
polysaccharide-rich fraction (PsR fraction), polyphenol-rich
fraction (PhR fraction), protein-rich fraction (PrR fraction),
and low molecular weight fraction (LMW fraction) as de-
scribed in the “Materials and methods” section.

Chemical composition and bioactivity of the fractions
from brown seaweeds

Sargassum boveanum when digested with Viscozymes and
Alcalase yielded more of lowmolecular weight fraction which
was followed by PrR and PsR fractions (Table 6). It is obvious
that the multi-enzyme complex Viscozyme (containing
arabinase, cellulase, β-glucanase, hemicellulase, and
xylanase) and the endopeptidase Alcalase might have acted
on polysaccharides and proteins at different positions which
resulted in high levels of low molecular weight oligosaccha-
rides and peptides. The total phenolic content was significant-
ly (P < 0.001) high for the phenolic-rich fractions in both
Alcalase and Viscozyme extracts (Table 6). However, in
Alcalase extracts, the PrR fractions showed significantly high
total phenolics and other fractions in both the extracts also
showed low levels of phenolics indicating the presence of
bound phenolic compounds. Phlorotannins have been report-
ed to form strong complexes with proteins, either reversible by
hydrogen bonding or irreversible by covalent condensation
(Stern et al. 1996). This might be the reason for the high
TPC of the protein-rich fractions from Alcalase hydrolysates.

In S. boveanum Viscozyme extracts, the PsR fractions
showed significantly (P < 0.001) high reducing sugar when

compared to LMW fractions whereas the total soluble carbo-
hydrate was significantly high in LMW fraction than the PsR
fraction. In the case of S. boveanumAlcalase extracts, the total
soluble carbohydrates were significantly (P < 0.001) high for
the PsR fraction than the LMW fractions. However, there was
no significant difference (P > 0.001) in reducing sugar in PsR
and low molecular weight fractions of Alcalase extracts. This
shows that when hydrolysing S. boveanumwithmulti-enzyme
complex such as Viscozymes, a number of poly- or oligosac-
charide with free aldehyde or keto group have formed which
might act as reducing agents. This may also be the reason for
the high reducing power of Viscozyme extracts of
S. boveanum and S. angustifolium (Table 4). Viscozyme hy-
drolysis of sugar beet pulp also reported to have high content
of reducing sugars when compared to other enzymes
(Berlowska et al. 2018). Both Alcalase and Viscozyme ex-
tracts showed no significant difference in soluble protein con-
tent and were low for both in PrR fraction and LMW fractions.
The low solubility of proteins could be due to the formation of
protein phenolic complex since both LMWand PrR fractions
contained phenolic compounds. Thus, when the algal cell wall
was disrupted by proteases or carbohydrases, the intracellular
constituents including proteins were prone to form complex
with polyphenols leading to aggregation or precipitation
which leads to low protein solubility (Siriwardhana et al.
2008).

The antioxidant activities of different fractions are shown
in Fig. 2a–d. The bioactivity of different fractions varied with
the enzyme used for hydrolysis. In the case of Viscozyme
extracts, the antiradical power was significantly (P < 0.001)
high for both PhR and PsR fractions when compared to other
fractions and there was no significant (P > 0.001) difference
between PhR and PsR fractions. In Alcalase extracts, PhR
fractions showed significantly (P < 0.001) high radical power
which was followed by PsR and PrR fractions (Fig. 2a). The
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high radical scavenging activities of polyphenolic compounds
such as phlorotannins from brown algae are well known
(Sathya et al. 2017). Similar to the present study, ethyl acetate
fractions rich in phlorotannins from Sargassum fusiformis and
Sargassum hystrix were reported to have high radical scav-
enging activity (Budhiyanti et al. 2011; Li et al. 2017).

Phenolics are electron-rich compounds, which can efficiently
donate electrons and form phenoxyl radical species interme-
diates in the presence of oxidizing agents. Phenoxyl radicals
in turn can be stabilized either by resonance delocalisation of
the unpaired electron in the ortho/para positions or by hydro-
gen bonding with adjacent hydroxyl group (Leopoldini et al.

Table 6 The yield and chemical constituents of different fractions from S. boveanum, Viscozyme, and Alcalase extracts

Yield
(g (100 g)−1 extract)

TPC
(mg GAE g−1)

Total soluble carbohydrate
(g Glu kg−1)

Reducing sugar
(g Glu kg−1)

Soluble protein
(g kg−1)

S. boveanum-Viscozyme

PsR fraction 6.1 ± 1.0 a 55.4 ± 2.6 a 76.2 ± 3.9 a 302.7 ± 41.5 b ND

PrR fraction 21.6 ± 5.0 b 71.4 ± 3.9 a ND ND 2.1 ± 0.8 a

PhR fraction 0.8 ± 0.1 a 295.1 ± 28.9 b ND ND ND

LMW fraction 55.4 ± 8.6 c 42.8 ± 6.6 a 96.7 ± 3.5 b 60.6 ± 4.4 a 3.9 ± 0.9 a

S. boveanum-Alcalase

PsR fraction 13.9 ± 3.6 b 40.5 ± 5.7 a 105.6 ± 45.0 b 40.9 ± 8.0 a ND

PrR fraction 11.6 ± 2.4 b 154.9 ± 15.2 b ND ND 6.7 ± 0.4 a

PhR fraction 0.3 ± 0.08 a 342.3 ± 83.9 c ND ND ND

LMW fraction 48.3 ± 5.8 c 29.5 ± 5.3 a 31.1 ± 3.1 a 58.1 ± 3.5 a 1.9 ± 0.5 a

Values are expressed as mean ± SD (n = 3)

PsR polysaccharide-rich, PrR protein-rich, PhR polyphenol-rich, LMW low molecular weight, ND not determined

a b

c d

Fig. 2 The antioxidant activity of
different fractions from
S. boveanum-Viscozyme and
S. boveanum-Alcalase extracts. a
The antiradical power (1/EC50), b
iron chelating activity (EC50), c
reducing power (OD at 700 nm),
and d inhibition of TBARS
formation in liposome model
system. PsR polysaccharide-rich,
PrR protein-rich, PhR
polyphenol-rich, LMW low
molecular weight
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2004). In addition to the phenolic compounds, proteins, pep-
tides, and sulphated polysaccharides have also been reported
to have radical scavenging properties (Athukorala et al. 2006;
Harnedy and FitzGerald 2011; Vijayabaskar et al. 2012).

Interestingly, the iron chelating activity was significantly
(P < 0.001) high for the PhR fractions in Viscozyme extracts
while Alcalase extracts showed high iron chelating activity in
the PsR fraction followed by PrR and PhR fractions. The
metal chelating ability of polysaccharides, proteins, and pep-
tides are well documented (Pavia and Toth 2000; Kuda et al.
2005; Wu et al. 2010). However, metal chelating ability of
phenolics have a lot of controversial reports. Wang et al.
(2009) and Farvin and Jacobsen (2015) reported that
phlorotannins are not good metal chelators. However,
Budhiyanti et al. (2011) have reported that phenolic com-
pounds from membrane-bound fractions of S. hystrix extracts
showed high ferrous ion chelating ability than cytoplasmic
fractions. The multi-enzyme complex carbohydrase such as
Viscozyme might have liberated phenolic compounds bound
to cell walls which might have resulted in phenolic com-
pounds with iron chelating ability. Moreover, the metal che-
lating potency of phenolic compounds depends on phenolic
structure and the number and location of the hydroxyl groups
(Santoso et al. 2004; Andjelkovic et al. 2006). The metal che-
lating ability of polyphenols were related to the presence of
ortho-dihydroxy polyphenols and presence of 5-OH and/or 3-
OH in conjunction with a C4 keto group as in quercetin and
large number of OH groups as in tannins (Khokhar and
Apenten 2003).

In the case of Viscozyme extract, the PsR fractions showed
the highest reducing power which was followed by PhR frac-
tions. In contrast, Alcalase extracts showed high reducing
power in PhR fractions followed by PsR and PrR fractions.
The high reducing power of phenolic compounds were report-
ed by many studies (Wang et al. 2009; Farvin and Jacobsen
2015). As mentioned earlier, the high reducing sugar content
of the PsR fraction of the Viscozyme extracts might be the
reason for the high reducing power. The prevention of lipid
oxidation in liposome showed a different trend. In the case of
Viscozyme extracts, significantly (P < 0.001) high inhibition
of lipid oxidation was shown by PsR and low molecular
weight fraction, whereas in Alcalase extracts, the highest in-
hibition of lipid oxidation was shown by PsR fractions follow-
ed by PrR and PhR fractions. The high antioxidant activity of
the PsR and LMW fractions in S. boveanum-Viscozyme ex-
tracts might be due to the release of fucoidans during the
enzymatic hydrolysis. Fucoidans are fucus containing
sulphated polysaccharides specific to brown algae and were
reported to possess various bioactivities such as antioxidant
activity, anti-inflammatory, and anticancer (Ale and Meyer
2013). The antioxidant activities of the phenolic compounds
and proteins from seaweeds were also well documented
(Khokhar and Apenten 2003; Farvin and Jacobsen 2015).

Conclusions

The enzymatic extraction was highly efficient than the con-
ventional water extraction in releasing the bioactive compo-
nents. Depending upon the species of seaweeds and the en-
zymes used for the extractions, the bioactivity differed. Hence,
the selection and optimization of the extraction conditions for
each species of seaweed is an important step to get the specific
bioactivity. Among the seven species of brown seaweeds hy-
drolysed with eight enzymes, S. boveanum-Viscozymes and
S. boveanum-Alcalase showed high antioxidant activity.
Antimicrobial activity was very low and was species and en-
zyme specific. Flavourzyme resulted in a greater number of
species with antimicrobial activity. The fractionation of each
of these enzymatic extracts showed that the specific compo-
nent responsible for this bioactivity varies with enzymes used
of the hydrolysis. Hydrolysis with Alcalase resulted in high
total phenolics in PhR and PrR fractions of S. boveanum
whereas it does not produce the same effect when hydrolysed
with Viscozyme. In general, active fractions are phenolic-rich
fractions and protein-rich fractions. However, some seaweeds
hydrolysed with specific enzymes give more bioactive poly-
saccharides (S. boveanum-Viscozymes). Thus, the results of
the study showed that selective hydrolysis by specific en-
zymes could enrich the bioactivity of the different seaweeds.
Tailor-made extracts with specific bioactivity can be produced
from seaweeds with the help of enzymes. Further studies are
needed to establish the bioactivity of these extracts in real food
system and in animal models.
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