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Spirulina microalgae are gaining increasing consideration for its pharmaceutical
and nutritional (60-70% protein) virtues. Protein can be further processed to
produce peptides that have functional and nutritional properties such as
antihypertensive, immunomodulatory, antioxidant, hypocholesterolemic, and
metal chelating activity. The purpose of this study is to investigate the relevance
between antioxidant properties and the degree of hydrolysis (DH) of hydrolysates
resulting from the effect of the alcalase enzyme on Spirulina protein at different
times and the effect of time on the DH. For this purpose, Spirulina cells were
disrupted with ultrasonication, bead milling, and water suspension methods. The
resulting cell extract was hydrolyzed with serine proteases like the Alcalase
enzyme. The sampling was taken every hour for up to 6 hours. DH of the samples
was measured by the ortho-phthalaldehyde (OPA) method. Antioxidant activities
of the hydrolysates were evaluated by assessing 2,2-diphenyl-1-picrylhydrazy
(DPPH) and 2, 2'-azinobis (3-ethyl- benzothiazoline-6-sulphonate) (ABTS) radical
scavenging activity. The ultrasonication method was selected for cell wall
disruption. Results demonstrate that the highest increase in DH occurred in the first
hour of hydrolysis. Then DH increased gradually with a low slope. The highest DH
with an enzyme/substrate ratio of 1% (v/v) was 33.45% after 6 hours. Maximum
DPPH radical scavenging activity occurred precisely at 120 minutes (22.71 £ 1.18
UM TE/mg protein, DH=28.29 + 0.58). The scavenging activity of the DPPH
radical increased by more than 2-fold after 2 hours of hydrolysis. The antioxidant
activity of ABTS radical scavenging increased and reached 862.09 + 22.26 uM
TE/mg protein after 5 hours of hydrolysis (DH%=32.83 * 0.87). This research
indicates that along with the increase of DH, the ABTS radical scavenging activity
also increases. Therefore, hydrolysis produces peptides that can scavenge DPPH
and ABTS radicals at certain times. These results can be used to determine both
DH and the time it occurs; therefore, the probability creation and isolation of
bioactive peptides increase with high antioxidant activities. So, the hydrolysates or
peptides derivative from Spirulina can be used as a functional food to improve and
even prevent various diseases and disorders.

1. Introduction

Spirulinais a  blue-green
Oscillatoriaceae) (Gad et al.,

alga  (family 2017), a multicellular, filamentous,

and

2011; Heo et al., photosynthetic cyanobacterium (Vo et al., 2013)
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that contains 50-70% proteins, essential amino
acids (Al Hinai et al., 2019), vitamins, essential
fatty acids, provitamin A (p-carotene), and other
useful compounds (Yu et al., 2016). There is
evidence that the Mayan and Aztec civilizations
and communities in Central Africa have used
Spirulina as food (Chen et al, 2016).
Spirulina represents biologic activities and health
care processes, including cholesterol reduction,
immunomodulation, antioxidant and anti-cancer
effects (Vo et al., 2013). Spirulina has gained
remarkable attention for its protein content (Arora
et al.,, 2019). This organism is categorized as a
GRAS creature according to its FDA
Administration Certificate (Lisboa et al., 2014).
So, Spirulina protein is a suitable source for
extracting bioactive peptides.

DH is the ratio of broken peptide bonds in a
digested protein (Rutherfurd, 2010). The order of
amino acids and molecular sizes of the bioactive
peptides is affected by DH; therefore, biological
activities of the peptides are impacted by
enzymatic hydrolysis. Thus, DH is an important
parameter to determine the functional attributes of
bioactive peptides (Chi et al., 2015). Peptides
display interesting biologic functions such as
antimicrobial, antidiabetic, immunomodulation,
mineral binding, and antioxidant activities
(Raveschot et al., 2018).

Recently, the radical scavenging property of
bioactive peptides resulting from natural sources
has attracted considerable attention. For instance,
bioactive peptides derived from the hydrolysis of
cod, eggs, and duck meat protein possess
antioxidant activity. Plant proteins are also a good
source of antioxidants. Bioactive peptides isolated
from pulses, walnuts, and corn gluten meal have
antioxidant properties (Yu et al., 2016).

There have been only a few studies on the
relationship between Spirulina protein and
hydrolysis time and the relationship between the
DH and antioxidant activities. Hence, the purpose
of this study is to investigate the effect of the
alcalase enzyme on the Spirulina protein at
specified time intervals and the effect of reaction
time on the proteinus DHs. In addition, the
relationship  between potential antioxidant
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activities and the DHs was also considered. These
experimental results can be applied to determine
a protein's hydrolysis time when extracting
biopeptides that have high antioxidant capacity.

2. Materials and methods

2.1. Materials

Materials obtained from Sigma include: ortho-
phthalaldehyde = (OPA), 2, 2-diphenyl-1-
picrylhydrazyl (DPPH), 2, 2'-azinobis (3-ethyl-
benzothiazoline-6-sulphonate) (ABTS), 6-
hydroxy-2, 5, 7, 8-tetramethylchroman-2-
carboxylic acid (Trolox), Alcalase® 2.4 L
(declared activity of 2.4 AU/kg, density of 1.18 g/
ml). Spirulina spp. was kindly provided by the
Algae culture collection of the Food
Biotechnology Research Institute, ABRII, Tabriz,
Iran.

2.2. Spirulina Culture

Zarrouk, paoletti and Jordan media were used to
culture Spirulina. Constituents of Zarrouk
Standard culture media include (g/L): 16.8
NaHCOs3; 2.5 NaNOs; 0.5 KoHPO4, 1.0 K2SO4; 1.0
NaCl; 0.2 MgS04.7H20; 0.04 CaClz; 0.01
FeSO4.7H,0; 0.08 EDTA and micronutrient
solution (ImL/L). The micronutrient solution
contains (g/L): H3BOs 2.86, ZnSO4.7H>O 0.222,
MnCl,.4H,O 1.81, CuS04.5H,O 0.079, and
NaxMo004.2H>0O 0.018 (Zarrouk, 1966) (Rosa et
al., 2015). The composition of the paoletti medium
i1s (g/L): NaHCO; 15.15, Na,COs3 8.89, NaSOq4
1.88, NaCl 0.92, KoHPO4 0.50, KNO3 2.57,
MgS04.7H,0 0.25, CaCl2.2H20 0.05,
micronutrient solution 1.0 mL/L (2.86 H3BOs;
1.54 MnSO4+.H>O; 0.22 ZnS04.7H20; 0.39
NaMo04.2H20; 0.079 CuSO4. 5H20 and 0.038
CoCl2.6H>O and 1.0 mL/L Fe-EDTA solution
(29.8 EDTA-Nay; 24.9 FeSO4.7H>0) (Volkmann;
et al., 2008). The Jourdan medium consists of
(g/L) 0.05 CO(NH2)2, 0.12 (NH4):HPO4, 2.00
KNOs, 0.15 MgS04.7H,0, 0.02 CaCl, 0.02
FeSO4.7H,0, 5.00 NaCl and 8.00 NaHCO3
(Ndjouondo et al., 2017) at 27 £ 2 °C on the shaker
(110 rpm, 21 days) and irradiated at 2-2.5 Klux.
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2.3. Cell disruption

According to the Spirulina growth curve in a
Zarrouk medium, biomass was collected at the
logarithmic stage. Suspension of Spirulina powder
was prepared and disrupted using three methods:
water  suspension, bead  milling, and
ultrasonication. Ultrasonication was accomplished
according to the method by Carl Safi et al. (2015)
with  the following  alteration,  briefly,
ultrasonication (0.1% dry Spirulina cell/distilled
water) was done in 20 kHz for 20 minutes (50%
pulse and 50% rest time) (Safi et al., 2015).
Samples were placed in an ice bath during the
sonication (Byreddy et al., 2015) (Ma et al., 2015).
Suspension of Spirulina (0.067 gr biomass/100
mL distilled water) with glass beads (3 mm
diameter) Vortex for 45 min in the bead milling
method (Safi et al., 2015). The biomass powder
was soaked in distilled water (0.1% dry Spirulina
cell/distilled water) for 3, 24, and 72 hours at 4 °C
in the water suspension method. After disrupting
the Spirulina cells by the above three methods, the
resulting mixture was centrifuged for 15 minutes
at4 :C and 9116 g (Safi et al., 2015). Finally, the
protein value of the supernatants was evaluated
using the Lowry method (LOWRY et al,
1951). The protein content of a control group,
Spirulina powder suspended in distilled water
(0.1% dry Spirulina cell/distilled water), was
measured immediately.

2.4. Preparation of alcalase hydrolysates

The supernatant (cell extract of Spirulina) was
incubated at 55 :C, pH=8 optimum for alcalase
enzyme (See, S. F., Hoo et al., 2011), agitation at
120 rpm at an enzyme/substrate ratio 1% (v/v).
Sampling was carried out every hour for 6 hours.
Then, the samples were boiled forl5 min at 85 +C
to stop the reaction. Samples were centrifuged, and
supernatants were stored at -70 after
lyophilizing (Kose & Oncel, 2015).

2.5. Degree of Hydrolysis Evaluation

The procedure defined by Morais et al. (2013)
for DH measurement was used. OPA reagent was
freshly prepared daily. For the preparation of the
OPA reagent, 100 mM sodium tetrahydroborate 25
mL, 20% SDS 2.5 ml, a combination of OPA 40
mg and 1 mL methyl alcohol, B- mercaptoethanol

100 pL were mixed and diluted with distilled
water to a volume of 50 mL. To test proteolysis
with Spirulina protein as a Substrate, a sample (10
ML) was combined with the OPA reagent (1mL)
and maintained at room temperature for 2 minutes.
Then, the absorbance was read at 340 nm using a
microplate reader (Biotek, USA) (Morais et al.,
2013).

The standard curve of L-Leucine (0-4 mg/mL) was
used to determine the amount of a-amino acids
(Choe et al., 2020). The total number of amine
groups in Spirulina protein hydrolysates were
determined by acid digestion (6 N hydrochloric
acid at 120 °C, 24 h) (Mustitea et al., 2019). The
DH percent of hydrolysates was computed with
the following formula:

L1-LO
Lmax—-L0O

(DH) % =

Where L1 is the number of free amine groups
liberated after hydrolysis, Lo is the number of free
amine groups in the original Spirulina hydrolysate,
and Lmax is the whole amount of free amine
groups in the original Spirulina hydrolysate
generated after 24 h hydrolysis with HCI 6 N at
120 °C (Sangsawad et al., 2017).

2.6. Measurement of antioxidant activity
2.6.1. DPPH radical scavenging activity assay
The DPPH radical scavenging activity of the
hydrolysate was determined according to the
method described by Xueran Geng et al. (2016).
0.004% DPPH was dissolved in methanol giving a
primary absorbance of 0.70 * 0.02 at 517 nm.
Twenty microliter of the hydrolysate (sample)
with 180 microliter of DPPH solution in methanol
(0.004%) was mixed in a 96-well microplate. The
mixture was incubated in a dark place at room
temperature for thirty minutes, and then its
absorbance was read with a microplate reader
device (Biotek, USA) at 517 nm. According to the
following formula the DPPH radical cleansing
activity of the sample was computed:

__ Abs blank—Abs sample

Radical scavenging activity (%) = b blank x100

Where Abs blank is the absorbance without the
sample and Abs sample is the absorbance with the
sample (Geng et al., 2016) (Q. Zhang et al., 2018).
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Trolox, at a concentration of 0-300 uM, was used
to draw the standard curve (Gad et al., 2011).

2.6.2. ABTS radical scavenging activity assay

Scavenging of the ABTS radical was measured
by an absorbance decrease at 734 nm using a
spectrometer. The Trolox standard curve with O
600 UM of Trolox was drawn and used to express
the trolox equivalent antioxidant capacity
(TEAC).

The antioxidant activity of the hydrolysates was
determined by the ABTS radical cation
decolorization method. A solution of (7 mM)
ABTS was prepared and the next ABTS radical
cation was obtained by reacting ABTS with
potassium persulfate (2.45 mM); this combination
(ABTS + K2S,05) was maintained for 12-16 h in
darkness. Before the assay, the absorbance of the
solution was adjusted to 0.7 = 0.02 at 734
nanometer with 5 mM phosphate buffer pH=7.4
(Xu et al., 2018). 25 pl sample (distilled water for
blank) was blended with one ml (ABTS +
K2S20g). The absorbency was measured using a
spectrometer (T80+ UV/VIS Spectrometer, PG
Instruments Ltd, United Kingdom). The
percentage of antioxidant activity was calculated
with the following equation:

A blank—-A sample)
Ablank

Antioxidant activity (%) = ( x 100

Where A blank is the absorption without the
sample and A sample is the absorption in the
attendance of the sample (Afify et al., 2017) (Ko
et al.,, 2012). The antioxidant activity assay was
accomplished in triplicate and represented as UM
TE/mg protein.

2.7. Statistical analysis

For statistical analysis ANOVA in Minitab were
used to determine significant differences between
groups and the p value of less than 0.05 was
considered as a statistical significance. Test results
were presented as means of experiments done in
triplicate + standard deviation.

3. Results and Discussion
3.1. Spirulina culture
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Spirulina growth curves in different media are
shown in Fig. 3.1. By using this diagram, the
logarithmic growth stage was determined and
biomass was harvested at this stage. The dry
weight biomass of Spirulina is shown in Fig. 3.2.
The biomass dry weight obtained was 1.94 + 0.11
g/L in Paoletti, 2.07 £ 0.10 g/L in Jordan, and 2.22
+0.19 g/L in Zarrouk media.

—@—Jordan
Paoletti

OD 620 nm
o [ N w D (03]
N\
o\.
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o

°
0 5 10 15 20 25
Time (day)

Fig. 3.1. Spirulina was grown in three standard
culture media (Pauleti, Jordan, and Zarrouk). The
growth curve was drawn based on the absorbance
at 620 nm. The results are mean + SD from
experiments performed in triplicate.

2.5

2
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Culture Media
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Fig. 3.2. Comparison of the dry weight biomass of
Spirulina (g/L) obtained from Spirulina growth in
three standard culture media (Jordan, Paoletti, and
Zarrouk). The results are mean * SD from
experiments performed in triplicate.

The amount of biomass obtained from the three
types of culture media was not significantly
different. The amount of biomass in the Zarrouk
medium was more than other culture media; hence,
this culture medium was selected to continue the
experiments. Our results are consistent with the
results of Nyabuto et al. (Nyabuto et al., 2015).
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3.2. Protein content of different cell disruption
methods

The protein value of the three different cell
disruption methods is indicated in Fig. 3.3.

Protein%
RN W D
oo oo o

Cell disruption method °

Fig. 3.3. Different cell disruption methods (bead
milling, ultrasonication, and water suspension)
and the percentage of protein obtained from each
method. Control is without any treatment. The
results are mean * SD from experiments
performed in triplicate.

Table 3. 1. Spirulina protein content after cell disrupting (the
protein value of Spirulina cell extract). The results are mean * SD
from experiments performed in triplicate.

Cell disruption method mg/ml protein

Bead milling 0.297 + 0.005
Ultrasonication 0.630 + 0.009
Water suspension 0.433 £ 0.008
Control 0.137 £+ 0.007

The protein value of the control group is 0.137 *
0.007 mg/mL. The amount of protein released
during water suspension of 3, 24, and 72 hours was
0.413 £ 0.013, 0.416 + 0.012, and 0.433 + 0.008
mg/mL, respectively. Comparison of the values
shows no significant difference between 3, 24, and
72 hours soaking in distilled water (p=>0.05). The
amount of protein released using the bead milling
method was 0.297 + 0.005 mg/mL. A comparison
of water suspension and bead milling methods
indicate that these differences are not significant
(p>0.05).

The amount of protein released using the
ultrasonication method (0.630 + 0.008 mg/mL)
was higher than the other methods. The
ultrasonication method results were remarkably
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different from the other methods (p<0.05). In these
experiments, the amount of protein released is
important to aid in choosing the method of cell
disruption. Among these methods, ultrasonication
was the most effective method to disrupt the cell
wall and release protein; so, it was chosen to
continue the experiments. Our results correspond
with the results in Safi et al. (2014), which showed
that ultrasonication was effective for the disruption
of Spirulina platensis cell wall (Safi et al., 2014).

3.3. Degree of hydrolysis

The DH is shown in Fig. 3.4. Measurement of DH
using OPA reagent demonstrates that the highest
increase in DH (25.08 £ 0.75) occurred in the first
hour of hydrolysis. Then the DH increases
gradually with low slope changes to (33.45 +
1.22).

40

30
- —&— Alcalase
°g 20 —e— control

10 ¢

0 T T T T 1

0 2 4 6 8
Time (hour)

Fig. 3.4. DH of Spirulina proteins with alcalase
enzyme at different times. The control is untreated
with enzyme. The experimental data were
represented as the Average * SD carried out in
three replicates.

Chang-Feng Chi et al. (2015) also observed the
highest DH in skipjack tuna dark muscle after 1
hour with alcalase enzyme. Changes in the DH
were minor after 1 hour (Chi et al., 2015). There
were considerable statistical differences of DH
between the 0 hour and the first hour of Spirulina
protein treated with alcalase (P<0.05). Our results
are consistent with Bochao Zhang and Xuewu
Zhang experiments (DH= 31.2% after 10 h of
hydrolysis) (B. Zhang & Zhang, 2013). Also, these
results are similar to Guerra A. et al., (DH=
40.81% after 60 min hydrolysis of mung bean
protein) (Carlos M. Guerra A., 2017).
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3.4 Antioxidant activity

The antioxidant activities of the enzymatic
hydrolysates are presented in Figs. 3.5. and 3.6.
The DPPH radical neutralization activity of
Spirulina protein hydrolysates was between 8.96 +
1.30 and 22.71 + 1.18 uM TE/mg protein. It almost
doubled (22.71 £ 1.18 uM TE/mg protein after 2
h, DH=28.29 *+ 0.58) compared to the 0 hour (8.96
+ 1.30 uM TE/mg protein, DH=8.22 + 0.21) and
control.

30
'é 25 —@®— Alcalase
2 20 Control
o
oo
= 15 F
o 10 g =S N -
= T = 1
S 5
=3

0 2 4 6 8

Time (hour)

Fig. 3.5. DPPH radical neutralizing activity of
hydrolysates at different times (1 h to 6 h). The
experimental data were expressed as the mean +
SD carried out in three replicates.

The results illustrate that the antioxidant activity
was gradually enhanced with increasing DH (up to
4-hour hydrolysis, DH% increased from 25% to
about 30%), but when the DH increased further
(more than 30%), the DPPH radical scavenging
activity decreased. Yu et al. (2009) also reported
this outcome (You et al., 2009). The DPPH, a free
radical, in ethanol indicated maximum absorbance
at 517 nanometers. When the DPPH radical
encounters the hydrolysates, the absorbance
reduces. As a result, the hydrolysates could stop
the radical chain reaction by donating an electron

to the free radicals (You et al, 2009).
< 1000 -
L 800 | ~——— =
o N
S 600 - /
£
E 400 -~ —— Alcalase
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O T T T 1
0 2 4 6 8
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Fig. 3.6. ABTS radical scavenging activity of
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crude hydrolysates. The experimental data were
represented as the mean = SD carried out in three
replicates.

The ABTS radical scavenging activity of Spirulina
protein hydrolysates were between 417.08 *+ 14.36
(0 h) and 862.09 = 22.26 uM TE/mg protein (5 h).
Antioxidant activity increased with increasing DH
(from 1 h to 5 h). Y Zhang et al. (2011) reported
the antioxidant activities of peanut peptides
increased with raising DH (Y. Zhang et al., 2011).

The ABTS-antiradical activity of hydrolysates
increased  significantly due to enzymatic
hydrolysis. The maximum activity was 862.09 *
22.26 UM TE/mg protein after 5 h hydrolysis with
DH=32.83 + 0.87. According to the Tukey
method, the antioxidant activity at 0 hours is
significantly different from the antioxidant activity
at other times (1 to 6 h) (P<0.05). Compared to the
0 hour, the antioxidant activity increased at these
times. The hydrolysate at 5 h is significantly
different from hydrolysates at 2, 4, and 6 h.
Therefore, protein hydrolysis with alcalase
enzyme might produce biopeptides with property
donor electron or hydrogen to free radicals and
convert them to permanent products (Agustini et
al., 2015) (Merculieff et al., 2014). Their results
confirmed the obtained data in more recent
research.

DPPH and ABTS radicals were neutralized by
protein hydrolysates. The neutralization might be
controlled by a difference in hydrophobicity, the
chain length of biopeptides, the amino acid
composition of peptides, and the amino acid side
chain (Ulagesan et al., 2018). An important factor
for antiradical activities is the amino acid
composition in the protein hydrolysate. The
protein hydrolysate of Skipjack tuna has high
radical scavenging activity because of the
attendance of aromatic and hydrophobic amino
acids (Ulagesan et al.,, 2018). Hydrolysates
containing Isoleucine, Proline, and Leucine
hydrophobic amino acids have high antioxidant
activity (Memarpoor-Yazdia et al., 2013). Also,
the existence of hydroxyl and sulthydryl groups in
Ser and Cys amino acid causes an antioxidant
effect. Electron-deficient radicals can get protons
from aromatic amino acids (Kim et al., 2019).
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Alcalase.~ 2.4 L (a protease enzyme) has an
extensive substrate specificity and hydrolyzes both
native and denatured proteins, is active in a wide
range of pH and temperature, and is resistant to
auto proteolysis (Awuorl et al., 2017). Electron
donor peptides are probably hydrolyzed due to an
increased DH caused by increasing enzyme
activity time. A hydrophobicity test indicated an
increasing hydrophobicity trend up to 4 h of
hydrolysis, which decreased for 6-h hydrolysis
(Corrsa et al., 2014).

Antioxidant activity of the hydrolysates was
shown to increase with increasing hydrolysis
times. However, after a few hours of hydrolysis,
the differences were not significantly different
(Corrsa et al., 2014). This might illustrate a lesser
availability of breakable peptide bonds or
diminution of the peptides liberated from proteins
because of substrate competition (Corrsa et al.,
2014).

4. Conclusions

The experiments indicate that the antioxidant
activity of Spirulina protein hydrolysates increases
with digestion by alcalase enzyme. Hydrolysates
with a DH above 25% to 32% indicate high
antioxidant activities. A suitable DH for ABTS
and DPPH radicals scavenging activity is 32% and
28%, respectively. However, a high DH does not
always lead to more radical scavenging activity.
The high antiradical activity of Spirulina protein
hydrolysates is due to the attendance of peptides
that are created by hydrolysis with alcalase
enzyme. Recognition of the appropriate hydrolysis
time and DH increases the possibility of creating
and separating peptides with high antioxidant
activity from Spirulina protein. All these results
can be used to continue work and extract
biopeptides with high radical scavenging activity.
In the future, extraction and identification of
special bioactive peptides will be necessary.
Spirulina bioactive peptides can be utilized in diet
supplements, infant foods, functional foods, and to
prevent oxidation and microbial degradation in
foods.
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