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Abstract: Among cyanobacterium, Arthrospira platensis (A. platensis) is a rich source of diverse bioac-
tive compounds due to its high protein, essential amino acid, vitamin, and mineral content. A. platensis
is one of the most abundant sources of protein (50-70%). In the food industry, A. platensis is being
used as an ingredient for the development of food flavor, taste, and nutritional composition. Several
in vitro and in vivo studies have revealed the potential use of A. platensis in the prevention and treat-
ment of various metabolic diseases. Recently, extensive research has focused on the production and
bioactivity of the A. platensis-derived bioactive peptides. A series of steps were used for the production
of bioactive peptides including hydrolysis, ultrafiltration, and chromatographic techniques, coupled
with an advanced detector. A. platensis peptides showed health benefits such as anti-hypertension,
anti-diabetes, anti-microbial, antioxidant, anti-obesity, and anti-cancer activities. This review aims to
present the main nutritional composition of A. platensis, the processes of purification, and the identifi-
cation of bioactive peptides, and the potential health benefits such as antihypertensive, antidiabetic,
anti-cancer, anti-obesity, antioxidant, and anti-microbial activities associated with the consumption of
A. platensis-derived peptides are discussed. The originality of this review over the old review is that
our review comprehensively studies the macro- and micronutrient composition and listed bioactive
peptides to date, which can play an important role in the treatment of various diseases. Moreover,
this review provides information related the research gaps of the various technologies that should be
used for the development of the peptide as a pharmaceutical and functional food.

Keywords: Arthrospira platensis; protein; bioactive peptides; functional foods; chromatography;
ultrafiltration

1. Introduction

Although various food recognition methods and their safety are increasing sharply,
algae have received minute attention, despite their abundant and wide availability. Several
thousand algae species exist on earth, and algae is also one of the first life forms on earth.
Various algal food supplements are used to upturn nutritional value and can be used as
animal feed additives and be put to pharmaceutical uses [1]. Various bioactive compounds
with bioactivity are present in marine organisms. The sea offers approximately one half of
the global diversity of marine species and has vast resources of novel compounds [2].
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A. platensis belongs to the group of “cyanobacteria”, called blue-green algae, a pho-
tosynthetic bacterium. There are mainly two species of Spirulina which are commonly
utilized, Spirulina maxima and Spirulina platensis. In some countries such as India, Spir-
ulina fusiformis is also regarded as a source plant [3]. A. platensis belongs to the genus
Arthrospira or A. platensis, and the most interesting and studied species of them is called
Spirulina platensis (or Arthrospira platensis) [4]. Among microalgae, A. platensis is the most
cultivated worldwide blue-green algae, and its production constitutes around 30% of the
world’s microalgae production [5]. A. platensis is found in freshwater, seawater, marshes,
soil, and thermal springs. Alkaline water having a higher pH (8.5-11) is good for A. platen-
sis production. Commercial production of A. platensis is usually carried out on shallow
raceways in which paddle wheels are used. Microalgae of very small size cannot be har-
vested from the normal environment, therefore, they must be produced inland and in a
controlled environment. There are several methods used for the cultivation of A. platensis.
In the outdoor cultivation system method, an open pond/shallow tanks are used for the
production, but in this method it is hard to control environmental factors, and a high
risk of contamination exists. The other method is greenhouse cultivation—this method’s
yield is high compared to the aforementioned method, but the initial cost is high. The
third method which is usually used is the closed cultivation system, which uses closed
bioreactors for the production of A. platensis. This process involves the strict monitoring of
environmental factors but it is quite expensive compared to the other two methods [6]. In
the last two decades, the production of microalgae for food and feed has increased five-fold.
A. platensis is is produced in a total of 22 countries. The highest consumption rate is in the
European market (32%), while in Asia it is 15%. Spirulina (Arthrospira), and species such
as S. platensis and S. maxima, are consumed as foods by humans because of their high
content of protein. The nutritional supplements which are marketed for human use are
mainly granulated and in powder form, or in tablets/capsules [5].

Among algae, A. platensis cyanobacterium (Arthrospira platensis) has become a nutri-
tious and healthy food brand with a more secure food future. The nutritional composition
includes a high level of protein (50-70%), lipids (3-10%), carbohydrates (10-20%), and
other compounds such as fiber, pigments, fatty acids, minerals, and vitamins B [7]. Some
polyphenolics and flavonoid compounds that act as natural antioxidants were also found
in A. platensis [8]. The National Sanitary Surveillance Agency (ANVISA) and the Food and
Drug Administration (FDA) recognized A. platensis as a safe food supplement (GRAS) [9].

Currently, microalgae are widely used in food industries, and the number of food
products containing microalgae launched in the market has significantly increased. The
biomass of A. platensis nowadays is consumed as a high nutritional supplement (superfood),
and in the market it is available in the form of capsules, flakes, and dried powder [10].
A. platensis can be an important food in the upcoming days and is used as an essential
ingredient for the development of functional food. In vivo and in vitro experimental studies
of A. platensis reveal that it is effective in the treatment of immune system development in
HIV, other viral diseases, several types of cancer, inflammatory processes, cardiovascular
diseases, immunodeficiency, anemia, hyperlipidemia, hyperglycemia, and the reduction of
cholesterol. According to the FDA (Food and Drug Administration), since 2003 A. platensis
has been considered a safe ingredient. These qualities make A. platensis a good source for
the research and production of bioactive peptides [11].

Currently, various diseases and morphological and physiological disorders such as
cancer, cardiovascular diseases, diabetes, oxidative stress, severe infections, and obesity
are at alarming stages and are distressing for life quality. Unbalanced diets, radiation
exposure, powerful viruses, and synthetic additives are the major causes of these disorders.
To fight against degenerative illnesses, the search for new functional foods and drugs has
increased in the last few decades. In this context, research has mainly focused on natural
sources [12]. A. platensis is a good source of protein, which allows it to be a good source
for the generation of bioactive peptides that conduct various activities such as anti-cancer,
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anti-proliferative, immune-strengthening, ACE inhibitory, and anti-inflammatory activities,
and to have cardio-protective, antioxidant, antiviral, and anti-Bacterial properties [13].

Bioactive peptides are present in food/protein, and can be utilized in a biologically ac-
tive form once released from the food matrix. These peptides are generally short sequences
of amino acids (2-20) in length, most of them are too short (2-4 amino acids long), and have
low molecular weight, i.e., <6000 Da. Due to low molecular weight, bioactive peptides
can easily enter the intestinal system and show potent bioactivities. The composition of
bioactive peptides is mostly hydrophobic amino acids [14]. Bioactive peptides can be used
as important ingredients for functional food development such as cosmetics, functional
foods, and nutraceutical products [15]. Bioactive peptides can be obtained by enzymatic
hydrolysis or naturally. Commercial proteases of microbial origin or plant origin in a
controlled environment are used to produce bioactive peptides, while naturally they are
produced during gastrointestinal food digestion or food processing [16]. A large number of
peptides are generated during hydrolysis, and among them a limited number of peptides
have bioactive properties. Molecular weight cut-off filtration (MWCO) is generally used to
fractionate the hydrolysate to obtain the desired peptides [17]. The majority of bioactive
peptides and hydrolysates are obtained from fish and fish co-products, meat and animal
co-products, milk and dairy products, and pulses [18]. Other sources such as cereals and
algae have also been extensively studied. Bioactive peptides can affect the body system by
various possible physiological functionalities such as the nervous system (opioid), immune
system (immunomodulatory, cytomodulatory, and antimicrobial), gastrointestinal system
(anti-appetizing, antimicrobial, and mineral binding), and the cardiovascular system (an-
tioxidant, hypocholesterolemic, antithrombotic, and antihypertensive). Peptide activity
mainly depends on the amino acid sequence and composition [19]. Bioactive peptides could
act as hormones, antibiotics, and neurotransmitters, and they can modify the physiological
function by binding with the receptor sites and interacting with the target cells [20].

A. platensis is considered the most cultivated microalgae, and worldwide microalgal
biomass contains over 30% of A. platensis production. Moreover, A. platensis is gaining
more interest in terms of the food supplement sector. A. platensis has nutritional value for
humans and plays an important role in the management of various diseases. Publications
about its nutritional composition and bioactive peptide and extraction is limited. Previous
research [21-23] has mainly focused on the production methods of A. platensis, the use
of A. platensis peptides in the cosmetic industry, and discussed some of the activities
such as hypertensive and anti-cancer. This review comprehensively explains A. platensis’s
nutritional composition, bioactive peptides’ role in the management of various diseases,
and the mechanism of action associated with their consumption.

2. Nutritional Composition of A. platensis

The word A. platensis is a Latin word meaning “spiral” or “helix”. This name is due to
the physical configuration which forms a swirling microscopic structure. It contains protein
(55-70%), total lipids (5-6%), polysaccharides (15-25%), nucleic acid (6-13%), and minerals
(2.2-4.8%). It contains important vitamins such as A, B, D, E, and K. Some important
minerals such as calcium, zinc, selenium, iron, nickel, chromium, potassium, magnesium,
manganese, copper, and sodium are also found in it. In addition to these macro- and
micronutrients, it also contains carotenoids and essential fatty acids (eicosapentaenoic acid,
stearidonic acid, 3,6-linolenic acid,-linolenic acid, docosahexaenoic acid, and arachidonic
acid) which play an important role in a balanced diet and in human health. In terms of
protein and amino acids, it contains all the essential amino acids required for the body,
and the digestibility of protein is higher compared to other natural sources of protein. The
content of digestible polysaccharides present in the cell wall of A. platensis is (86%), and
due to this higher content the digestibility of protein is high [24]. A. platensis can be a good
source of macronutrients such as polyunsaturated fatty acids, proteins, vitamins, and/or
minerals, which are important for human health. The main macronutrient composition of
A. platensis is shown in Table 1 and Figure 1. In addition to the macro- and micronutrients,
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some other compounds with biological activities are also present. These compounds are
phenolic compounds, carotenoids, and amino acids. The nutritional composition of food
is important to maintain a healthy lifestyle and prevent chronic diseases [25]. For the
analysis of food composition, various techniques such as HPLC (high-performance liquid
chromatography) for lipid, amino acid, and carotenoid analysis, a spectrophotometer for
the determination of pigments, and ICP-OES (inductively coupled plasma optical emission
spectrometry) for heavy metals and micronutrients were used [26]. These compounds
possess some biological activities such as neuroprotective, anticarcinogenic, and antioxidant
functions [27].

Figure 1. Nutritional composition (macro- and micronutrients) of A. platensis.
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Table 1. Macronutrient composition of A. platensis.

[28] Brazil [29] Austria [4] Spain [1] Morocco [30] Spain [24] India [31] India [32] Egypt [33] Luxembourg

Macronutrient  g/100 g (Fresh (% Dry ¢/100 g (% Dry g/100 g - - (% Dry @100 . ¢/100 g Dry
Weight) Matter) Matter) A. platensis V:r‘i‘:t‘;ema Matter) Matter

Moisture 90.7 - 47 12.6 - - 5.81 7.00 6.98

Energy (Kcal) - 1603 290 436.18 - - 412.78 373.00 -

Protein 5.92 62.7 57.5 76.5 58.1 53.3 65.71 63.00 56.79 81.9

Fat 0.39 8.1 7.7 2.45 8.1 44 6.94 5.60 8.33 3.77

Ash 0.6 - 6.2 14.56 8.2 10.5 8.34 9.00 10.50 6.3

Carbohydrate ~ 2.42 15.6 239 6.46 25.6 30.7 21.87 20.5 13.60 8.16

Total dietary ¢ 3.1 - 4.07 - - 77 425

fiber
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2.1. Macronutrient Composition
2.1.1. Protein and Amino Acid Composition

The highest protein and essential amino acid contents have been found in A. platensis,
which makes it an “ideal” protein based on the WHO (World Health Organization)’s and
FAQO'’s composition criteria [34]. A. platensis protein content varies between 50 and 70% of its
dry weight. The quality of protein is better as compared to other sources. The taking of 10 g
of A. platensis protein/day by a 60 kg person can fulfill around a quarter or one third of the
daily protein requirement. According to Muy et al., the protein content varies between 48%
and 67% in 11 A. platensis powders tested by two different methods (Markwell asssay) and
(Kjeldahl) [35]. It can be concluded from the results that the protein content is overestimated
by the later method. Essential amino acid index values indicate the values between 1.01
and 1.45, while the amount of sulfur-containing amino acids (cysteine and methionine)
was 18 £ 5 mg/g protein, and histidine was 10 &= 3 mg/g protein. In general, deviation
in the nutrient profile depends on the different cultivation environments, i.e., different
culture media, nutrients, etc. [36]. The protein content of A. platensis is high compared to
several plants and animal sources (beef, dairy products, pork), moreover, the amino acid
content of all the essential amino acids is present in the protein concentrate [37,38]. A high
amount of essential and non-essential amino acids are present in A. platensis. In a study
carried out by Li and his team [39], the amino acid content included methionine (14 mg/g),
methionine (14 mg/g), lysine (30 mg/g), phenylalanine (28 mg/g), valine (45 mg/g), lysine
(30 mg/¢g), and isoleucine (36 mg/g). For all the biological processes, essential amino acids
are very important. They cannot be produced by the body and must be included in the
diet [40]. The amino acid composition found by various researchers is displayed in Table 2.
A. platensis can be used as a supplement food for the provision of essential amino acids for
daily needs. Non-essential amino acids are also important for the body, and they can help
with the production of protein needed by the body’s cells. In another form, they can be
used as a source of fuel in the form of carbohydrates. The composition of the non-essential
amino acids of A. platensis contains glutamate acid (92 mg/g), glycine (32 mg/g), alanine
(47 mg/g), aspartic (60 mg/g), histidine (10 mg/g), tyrosine (30 mg/g), serine (33 mg/g),
proline (27 mg/g), arginine (44 mg/g), and cysteine (7 mg/g) [41].

Table 2. Amino acid composition of A. platensis.

[13] [42] [43] [4] [28] [31] [32]

g:i/ﬁlgry (mg/kg) (mg/g) (g/100 g) (sr:li%lgry (g/100 g) (mg/100 g)
Aspartic acid 80.4 90.78 60 5.79 63.1 5.99 36.69
Glutamic acid 105.9 159.72 92 8.39 84.7 9.13 47.03
Histidine 14.8 41.25 10 1.08 11.3 1.00 13.46
Serine 42.7 40.52 33 2.99 309 2.76 18.43
Arginine 48.7 104.16 44 4.15 447 431 4491
Glycine 44.8 119.62 32 3.09 343 3.13 15.0
Threonine 419 118.52 33 297 33.1 2.86 13.59
Alanine 66.1 118.55 47 4.51 50.2 4.59 33.80
Tyrosine 37.5 45.14 30 2.58 30.7 2.50 19.74
Methionine 13.7 35.84 14 1.15 17.1 1.17 5.31
Valine 48.2 30.51 45 3.51 42.2 3.94 18.40
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Table 2. Cont.

[13] [42] [43] [4] [28] [31] [32]

(mg/g Dry (mg/g Dry

Sample) (mg/kg) (mg/g) (g/100 g) Sample) (g/100 g) (mg/100 g)
Phenylalanine  42.3 29.47 28 2.77 33.3 2.75 23.78
Isoleucine 44.6 46.52 36 3.21 36.4 3.50 14.12
Leucine 73.1 99.41 55 4.95 61.7 5.38 29.11
Lysine 47.2 35.65 30 3.02 34 2.96 19.10
Tryptophan 53 - 10 0.93 8.5 1.09 12.88
Cystine - 14.23 7 0.66 6.4 5.90 3.30

2.1.2. Lipids and Carbohydrates

A. platensis lipids mainly contain polyunsaturated fatty acids (PUFA), monounsatu-
rated (MUFA) fatty acids, and saturated fatty acids (SFA). Moreover, a good and balanced
composition of total fat in terms of PUFA and saturated fat characterizes it. For the human
metabolic process, lipids are one of the main sources of energy. A. platensis lipids are
composed of mainly y-linoleic acid (30-35%), which is an essential PUFA required for both
the functional and structural activity of cell membranes. Other lipids of A. platensis contain
glycolipids and essential fatty acids (w3 and w6 families) [44]. From the omega-6 family,
y-linolenic acid (18:3, n-6) and palmitic acid (16:0) are widely studied due to their potential
effects reducing the prevention of hypercholesterolemia, cardiovascular diseases, and other
disorders. The contents of linoleic and y-linolenic acids range from 13.1 to 31.5% and from
12.9 to 39.4% of the total fatty acid content. Polyunsaturated fatty acids (PUFAs) in the
form of docosahexaenoic acid (DHA, 22:6, n-3) and eicosapentaenoic acid (EPA, 20:5, n-3)
present in lower concentrations [4]. According to the study by Calla et al. [45], the lipid
content of 11 A. platensis samples was 10%. In another study, the lipid content of five A.
platensis powders from different origins was 1.5-8.1% [46]. An analysis of the fatty acid
profile showed that the content of Omega-6 fatty acids ranged from 23.1 to 24.5%), while the
omega-3 fatty acid (alpha-linolenic acid) content was very low. A. platensis fatty acids can
be used in the diet for lipid metabolism disorder, especially polyunsaturated fatty acids [39].
The percentage of carbohydrates represents about 15-25% of the dry weight of A. platen-
sis. Specific polysaccharides, such as sodium A. platensis (Na-SP) and calcium A. platensis
(Ca-SP), have interesting antiviral, immunostimulant, and anticoagulant properties.

2.2. Micronutrients
Vitamins and Minerals

Vitamins such as E, B1, B2, and B12, minerals (magnesium, calcium, selenium, zinc,
iron, and potassium), and some sulfolipids were also found in A. platensis and showed high
activity against viral infections [47]. The minerals and vitamins of A. platensis found by
various researchers are listed in Table 3. Among the vitamins, vitamin A in the form of
carotenoids is a class of pigments naturally produced by microalgae. This pigment may be
converted by our body into vitamin A. Important functions of vitamin A include embryonic
development, general growth promotion, the regulation of differentiation of epithelial
tissues, and visual function. In the Western diet, carotenoids are the key compounds,
and around 30% of vitamin A daily intake is derived from carotenoids. Astaxanthin, (3-
carotene, zeaxanthin, lutein, and canthaxanthin are the identified carotenoids present in
A. platensis [48].
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Table 3. Mineral and vitamin composition.

[43] [4] (1] [29] [28] [31] [371
Minerals (mg/100 g) (mg/g)

(mg/g) (mg/100 g) Dry Weight (ug/100 g) Fresh Weight (g/100 g) (mg/100 g)
Potassium 16 1.4 2501.66 - 13.32-127 1.66 170.0
Calcium 15 30.3 6000 - 1.05-12 0.47 363.77
Phosphorus 10 118.0 10,088.33 - 11 0.96 123.1
Manganese 3 1.9 1.56 2941 9.5 3.26 -
Zinc 70 (ug) 2.0 5 0.9-1.2 9.7 1.45 2.90
Magnesium 3.7 195 100.33 - 1.42-19 0.32 2.66
Sodium 2.5 1.0 14,004.397 - 11.50-98 0.64 216.77
Iron 1.7 28.5 80.66 48.9-82.9 0.15-2.79 0.09 12.44

i i (mg/100g)  (mg/g) dry
Vitamins (ng/g) (mg/100 g) dry weight weight (mg/100g) (mg/100 g)
Biotin 0.55 - - - - 5.00 -
Folic acid 0.71 - - 26675345 7.3 033 -
(kg)

Pantothenic acid 2 - - - 0.325 0.10 -
B12(cyanocobalamin) 3.6 - - 127-244 - 0.36 -
B6 (pyridoxine) 8 0.4 - - 90 0.96 -
B1 (thiamin) 48 2.4 - - 48 0.51 3.0
B2 (riboflavin) 55 37 - - 39 4.53 37
B3 (niacin) 0.15 (mg) 12.8 - - 3.9 14.90 12.2
E (tocopherol) 0.41 (mg) 5 - 2.8-75 1.06 6.71 60.0
Inositol acid 0.7 (mg) - - - - 64.00 -
Pro vit A (beta 352,000
carotene) 5.8 (mg) 570 (IU) - 33.5-231.6 18 (1U) 70.0

Vitamin B is water-soluble and can act as coenzymes, required for fatty acids synthesis,
DNA repair, electron transfer, and one-carbon metabolism [49]. Among B vitamins, B12
(Cyanocobalamin) levels range from 127 to 244 ug/100 g dry weight. Only animal-origin
food contains vit-B12. In another study, the content of B12 was 3.6 ug/g. The majority
of B12 present in cyanobacteria contains an inactive form known as pseudo-vitamin B12.
A total of 83% can be classed as “pseudo-"B12, while the other 17% was found to be
dimethylbenzimidalylcobamide, also known as vitamin B12. Dimethylbenzimidazol of B12
is replaced by adenine in “pseudo-" B12, which is inactive in humans and has very low
affinity to intrinsic factors [50]. A daily intake of 3-9 g/day of A. platensis can cover the daily
intake of B12—the human requirement for this vitamin is 1 mg/day [35]. Folate content
presents a high variation (270-535 nug/100 g) dry weight of A. platensis. The variation may be
due to the processing techniques. The content of folate was twice as high in the traditional
method compared to in the improved processing method. The loss can be assumed to be
due to the use of high thermal and light stress, as folate is sensitive to high temperature
and light [51]. The vitamin E content of A. platensis ranges from 2.8 to 12.5 mg/100 g in the
traditionally dried A. platensis method. A higher concentration of vitamin E was found in
two varieties of A. platensis collected from Bodou Andja (30.9 mg/100 g to 75 mg/100 g) [52].

The content of macro-minerals of A. platensis was 32,694.32 &+ 6175.08 mg/100 g dry
weight, while the content of trace elements was 88.44 + 3.2 mg/100 g dry weight [53]. Es-
sential mineral content was: sodium (14,004 £ 397.55), calcium (6000 =+ 4.66), phosphorus
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(10,088.33 £ 5766.88), potassium (2501.66 + 4.22), and magnesium Mg (100.33 £ 1.77)
of mg/100 g of dry weight. Trace elements included manganese (1.56 &+ 0.11), iron
(80.66 = 1.77), and copper (1.22 £ 0.66) mg/100 g of dry weight, respectively. The min-
eral content is slightly higher compared to the other land plants. However, in another
study by [54], the content of sodium, potassium, and calcium were 0.7-12.3, 1.6-3.1, and
219-1290 mg /100, respectively. The contents of manganese, zinc, iron, and magnesium
were also notable for meeting the daily requirements of the human body:.

Plant-origin macro-minerals mainly contain phenolic compounds with a benzene ring
and a hydroxyl substituent in their structure. These are the main bioactive compounds
found in algae, tea, edible flowers, fruit, and vegetables [28]. The phenolic compounds
ranged from 5.8 to 27.1 ug/100 g dry weight when A. platensis was dried in sandy hollows,
while the phenolic content decreased (4.0-11.9 ug/100 g dry weight) when A. platensis was
dried under solar dryers [54]. In another study, the content of polyphenols and flavonoids
were 0.287 mg GAE/g DW and 0.166 mg QE/g DE, respectively. Functional food is a
new category of food which has some beneficial effects on health beyond nutritional
needs. Several health-promoting and therapeutic benefits such as allergies, oxidative stress-
induced diseases, hypertension, hyperlipidemia, inflammations, diabetes mellitus, and
some types of cancer have been linked with A. platensis and compounds derived from it.

3. Production of Bioactive Peptides/Process and Screening of Bioactive Peptides

In peptide identification, various steps are involved, including source selection, pro-
tein extraction, the selection of enzyme and hydrolysis conditions, potential bioactivity
screening, fractionation, purification, sequence, and structural identification. The system-
atic overview of the steps involved in the production of bioactive peptides is summarized
in Figure 2. Bioactive peptides are found in proteins of microorganisms, so the first step
is the extraction of the protein which is present intracellularly. Mechanical and chemical
methods are used for the cell lyses. Mechanical methods include freeze-thawing cycles
in buffers or in liquid nitrogen, pulsed electric processing in French pressure cells, and
sonication. In the freeze-thaw cycle method, repeated freezing and liquid cell suspension
in a buffer or in liquid nitrogen results in the formation of ice crystals, which disrupts the
cell membrane of the target protein. The second method, sonication, involves the use of
high-frequency sound waves to create bubbles in the cell suspension. The cell membrane of
the target cell is disrupted by the shock generated as a result of the bubbles’ collapse. In the
French press method, cells are forced through a narrow orifice under high pressure, and
cell disruption is caused by the shear forces. The last method, homogenization, involves
mechanically shearing by forcing cells through a narrow gap between a static tube and a
rotating pestle [55].

The chemical methods listed use enzymes for cell wall degradation, as well as a
buffer, surfactants, ionic liquids, a strong base, or acid [56]. A. platensis-derived peptides
with anti-hypersensitive and antitumor activity were extracted through a freeze-drying
and sonication process [57]. Another study reveals that the protein extraction for the
peptide purification involved freezing at —20 °C in phosphate buffer solution, sonication,
and centrifugation.

3.1. Enzyme Hydrolysis

In the food industry, the incorporation of protein hydrolysate into food has gained
interest in recent years. This technology is beneficial for enhancing the human daily diet by
adding beneficial compounds to the diet and promoting body function regulations. Protein
hydrolysis (proteolysis) is usually carried out by enzymes for the production of bioactive
peptides, which is considered more efficient for obtaining peptides with a target function.
This method is considered more reliable and generally recognized as the safest (GRAS)
method. Enzymatic hydrolysis is widely used in the food, pharmaceutical, and chemical
industries [58].
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Figure 2. Systematic overview of the extraction, isolation, purification, and identification of bioactive
peptides from A. platensis.

For the in vitro hydrolysis, mainly commercially available enzymes extracted from
microbial, animal, or plant sources are used, while in vivo proteolysis uses gastrointestinal
enzymes [59]. To gain a higher degree of hydrolysis (DH), and for the production of a
target peptide, it is important to select the best enzyme and optimal conditions for the
hydrolysis, i.e., temperature, time, enzyme/substrate ratio, and solvent [60]. Enzymes
from plant sourced such as bromelain and pepsin, animal origin enzymes (trypsin, pepsin),
bacterial enzymes (neutrase and alcalase), and fungal enzymes (fungal protease) are widely
used for the production of peptides from A. platensis. Usually, a combination of endo-
and exo-proteases are used for the production of a higher yield. Endo-protease breaks the
peptide bond of the nonterminal amino acid (within the molecule), while exo-protease
breaks the peptide bond from the end piece of terminal amino acids. For optimum activity,
the temperature used for various enzymes is 40-50 °C, and the pH ranges from 4 to 7. For
trypsin and pepsin, enzyme conditions used for the hydrolysis are pH = 8 and temperature
37 °C, and the reaction time is up to 120 min. For the purification of antidiabetic peptide,
alkaline protease was used, and the conditions were: temperature set at 55 °C, pH of 7.0,
and time of 160 min [61]. The lyophilized Spirulina proteins powder was first enzymatically
hydrolyzed with alkaline protease. This was conducted with 4300 U/g enzyme added to A.
platensis proteins at 55 °C, and with a pH of 7.0 for 160 min. Usually, digestive enzymes
are helpful for obtaining a partial breakdown of proteins into peptides and for improving
bio-accessibility. Various enzymes have different cleavage properties, and produce peptide
sequences with different structural features which are responsible for single or multiple
functional activities [62].

Hydrolysis conditions such as enzyme type, concentration, pH, protein source, and
extraction conditions such as temperature and time highly affect the resultant hydrolysate.
Hydrolysate with a higher concentration of peptide can be obtained by optimizing these
conditions [63]. Hydrolysate from fish protein showed a variation in ACE inhibitory activity,
depending on the hydrolysis time and type of enzyme (trypsin) [64,65]. For a higher yield,
it is recommended to use two or more enzymes for sequential hydrolysis. Commonly used
enzymes are pepsin, trypsin, alcalase, and flavorzyme [66].
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3.2. Membrane Filtration

In membrane separation, a membrane system is used for the permeation and retenftion
of the sample through various pressures. In food sources, this method is widely used for
the isolation of bioactive peptides [58]. This process is mainly divided into four types
(ultrafiltration, reverse osmosis, microfiltration, and nanofiltration) based on the pore
size of the membrane. Among these methods, ultrafiltration is the most economical, eco-
friendly, and fast method for peptide purification according to the molecular weight cut-off.
Ultrafiltration was conducted with various molecular weight cutoff membranes including
1,3,5, and 10 kDa [67].

Wang and Zhang purified marine peptides by using membrane filtration with a molec-
ular weight of <5 kDa and 3 kDa. Four peptide fractions with molecular weights of <3 kDa,
3-5kDa, 5-10 kDa, and >10 kDa were purified by ultrafiltration from hairtail (Trichiurus
japonicus) hydrolysate with MAO-A inhibitory activity [68]. Among all the fractions, <3 kDa
showed the highest MAO-A inhibitory activity [69]. Several low-molecular-weight peptides
from microalgae 1-10 kDa, seahorse <5 kDa, and round scad <5 kDa were obtained by
using the ultrafiltration technique and exhibited improved biological activity [70]. Using
membrane filtration entails some problems such as the interaction of hydrophobic peptides
and semi-permeable membrane, the difficulty of obtaining pure peptides, the filtration of
large-size molecules, the clogging and fouling of membranes, and the separation of large
sample volumes. To resolve these problems, membrane filtration technology can be used
with some other techniques such as a multistep recycling membrane reactor, electrodialy-
sis, and chromatographic techniques to achieve more functional peptide separation with
improved health benefits [58].

3.3. Chromatographic Techniques

The purification process involves a series of steps based on the chemical and phys-
ical characteristics of peptides, such as solubility, polarity, charge, molecular size, and
specific covalent or non-covalent interactions [71]. Chromatography plays a vital role in
the purification and separation of compounds from a mixture based on their retention
and interaction with stationary and mobile phases. Based on the specific components and
molecular characteristics, four main separation techniques are reported. 1: liquid—-solid
adsorption, 2: ion exchange, 3: liquid-liquid partition, 4: size exclusion. Chromatographic
techniques are usually used along with other detectors such as MS (mass spectrometry
detectors), UV, fluorescence, and diode-array for the identification of various compounds
from protein sources. A column with silica-based material with a pH of 2-8 and UV range
of <220 nm is used for the peptide selection. These techniques are time-consuming and
costly, and proper resolution and selectivity make them appropriate for the identification
of peptides [72].

For the separation of bioactive peptides, HPLC (high-performance liquid chromatog-
raphy) is the common tool. Advanced technology like RP-HPLC separates the compounds
through the specific column from the protein hydrolysate mixture. The normal HPLC
is commonly used for the detection of hydrophilic peptides. CIEF (capillary iso-electric
focusing), CE (capillary electrophoresis), and IEC (ion-exchange chromatography) used
charge ability affinities based on negative or positive charges to separate bioactive peptides.
GEFC (gel filtration chromatography) is used to separate the aqueous solution according to
the molecular weight [73].

For the identification of peptide structure and to measure the specific activity by
various assays, purification is the main and important step. Analytical steps that are
widely used for peptide purification are membrane filtration systems, chromatography
techniques such as ultra-high-pressure liquid chromatography (UHPLC), SEC, reversed-
phase high-performance liquid chromatography (RP-HPLC), hydrophilic interaction liquid
chromatography (HILIC), and capillary electrophoresis (CE) [74]. For the peptide sequence
identification, mass spectrometry (MS) methods are used such as fast atom bombard-
ment mass spectrometry (FAB-MS), electrospray ionization-mass spectrometry (ESI-MS),
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matrix-assisted laser deionization time-of-flight (MALDI-TOF), and matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) [75]. Recently, more advanced
techniques such as MALDI-TOF, ESI-MS, and quadrupole-time-of-flight mass spectrometry
(Q-TOF MS) have been widely used for protein and bioactive peptide characterization.
The isolation, identification, and selection of bioactive peptide techniques depend on the
projected peptides.

Antihypertensive peptides from S. platensis were isolated by gel filtration and ion
exchange chromatography. Further purification was conducted by RP-HPLC (reverse phase
liquid chromatography). A gas-phase automated sequencer was used for peptide sequence
analysis [76]. Another study by [77] reported that S. platensis hydrolysate obtained by the
alcalase enzyme was fractionated by ultrafiltration and gel filtration, and reverse-phase
HPLC was used for peptide purification.

A. platensis peptide with iron-chelating activity was purified by ultra-filtration to
obtain <3 kDa peptide. GPC (gel permeation chromatography) and anion exchange chro-
matography were used for isolation. Tandem mass spectrometry was used for peptide
sequence analysis [78]. An antiallergic, anti-inflammatory, and anti-atherosclerotic peptide
derived from S. maxima was obtained through ultrafiltration. The hydrolysates were
fractionated by 3, 5, and 10 kDa molecular cutoff membranes. Chromatographic techniques
for purification include FPLC (fast protein liquid chromatography), GPC (gel permeation
chromatography), and RP-HPLC (reverse-phase high-performance liquid chromatography).
Rotary evaporation and lyophilization were used between each step of purification. A
Q-TOF mass spectrometer coupled with an electrospray ionization source were used for
peptide amino acid sequence determination [56].

A. platensis peptides with antitumor activity were isolated by ultrafiltration and gel
filtration chromatography. Molecular weight cutoffs of 3, 5, and 10 kDa were used in
the ultrafiltration step. Nano-encapsulation of the peptide with chitosan was conducted
to enhance the release in the intestine and absorption in the blood. Also, the spectrum
was determined by infrared Fourier transform [57]. These studies suggest that, for the
purification and isolation of bioactive peptides from marine sources, chromatography can
be considered as the best technique. Moreover, the use of advanced detectors along with
chromatography is a convenient way for the purification, separation, and identification of
peptides on a large scale. It can be concluded from the above literature concerning isolation
and purification that the most important techniques used for the production of bioactive
peptide are membrane filtration (ultrafiltration), liquid chromatography (gel filtration,
reverse-phase), nanofiltration, and ion-exchange chromatography. Peptides associated with
potential health benefits, and their mechanism of action is displayed in Figure 3.
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Figure 3. Potential health benefits and mechanism of action associated with A. platensis-derived

peptides.

4. Health-Promoting Effect of A. platensis-Derived Peptides
4.1. Antihypertensive Activity

Hypertension is a major health problem worldwide, affecting nearly one third of
adults. High blood pressure is also a risk factor for other diseases such as arteriosclerosis,
stroke, myocardial infarction, and cardiovascular diseases [30]. In the regulation of blood
pressure, Angiotensin-I-converting enzyme (ACE), a Zn-metallopeptidase, plays a vital role
in blood pressure regulation in the renin-angiotensin system (RAS) and the kallikrein—kinin
system (KKS). ACE changes angiotensin-I to angiotensin-II, which causes a rise in blood
pressure. Therefore, the inhibition of ACE is a critical step in alleviating hypertension
and stimulating cardiovascular function. Though anti-hypersensitive drugs have some
side effects, the need for hypertensive peptides from natural sources (food) is increasing.
Peptides associated with potential health benefits are listed in Table 4.

A. platensis contains much protein, and as a result has the ability to release bioactive
peptides that have inhibitory activity due to the angiotensin-I-converting enzyme (ACE-I;
EC 3.4.15.1) and/or renin (3.4.23.15) [79]. Anekthanakul and his team used in vitro and in
silico methods to identify an ACE-I inhibitory peptide sequenced as IRDLDYY; this peptide
showed a 1.75 mM ICsj value and was reported as being non-toxic for humans [80]. The
peptides VEP and IQP showed ACE-I inhibitory in vitro properties when demonstrated
orally in spontaneously hypertensive rats [81].

A significant decrease in systolic blood pressure (from 149 + 7 mm Hg to 143 4+ 9 mm Hg)
was observed in a double-blind, placebo-controlled randomized trial when hypertensive
and overweight Caucasians were administered with “A. platensis maxima” for three months.
The stiffness index was also reduced by 5% in the target population [82]. Decreases in
diastolic pressure and plasma triglycerides (5% and 21.7%) were also observed in Dia-
betic Korean patients through the administration of A. platensis powder with a dose of
8 g/12 weeks. Other health indices such as total insulin, cholesterol, and systolic blood
pressure, as well as plasma levels of glycosylated hemoglobin A1C (HbAlc), High-Density
Lipoprotein, and Low-Density Lipoprotein levels, remained unchanged [83].
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According to He et al., two peptides VEP and IQP, showed in vitro and in vivo anti-
hypertensive activity when absorbed by the human intestinal system. Tripeptides VPP
and IPP are used in the development of functional foods in some countries and have the
potential to show antihypertensive activity [84]. Low molecular weight peptide fractions
(<10 kDa) are mainly responsible for the inhibition of ACE. The activity of peptides mainly
depends on the structure of the peptides, and the amino acid sequence and composition,
especially, are widely recognized for ACE inhibitory activity. Peptides with N-terminus
and branched chain aliphatic residues (Leu, Ile, Ala, and Met) inhibit ACE by competitive
effect, while peptides with positively charged residues (His, Arg, and Lys) and branched
side chain (Leu, Ile, and Val), or with aromatic amino acids at c-terminal (Trp, Tyr, Pro,
and Phe), inhibit ACE in a non-competitive manner [85,86]. Moreover, in the active site of
ACE tetrahedrally, peptides also interact with the Zn(II) ion, which further decreases ACE
activity. The peptide with ACE inhibitory activity primarily bonds with hydrogen bonds to
form a stable structure [87].

A study carried out by [88] used two enzymes, pepsin and trypsin, for A. platensis
protein hydrolysis. Dose-response in vitro ACE activity was measured for both of the
hydrolysates. The ICsy values were 0.28 £ 0.03 mg/mL and 0.1 & 0.04 mg/mL. These
results showed that the protein hydrolysate with trypsin has three times less activity
than hydrolysate from pepsin. This result is due to the various compositions of the hy-
drolysates, and both physical and chemical compositions may differ. Short-chain peptides
with hydrophobic structures are more active and may present abundantly in pepsin hy-
drolysate. According to [80], a total of five peptides were obtained from A. platensis protein
hydrolysate including (LIAGGTGPMDEY AGGTGPMDEYLI, IRDLDYY, LGTPGSSVAVG,
and IAGGTGPMDEYL). All these peptides contain a high ratio of hydrophobic amino acids
and show ACE inhibitory activity. These results are in line with the findings of Siaga et al.,
which reported that amino acids with branched side chains (V, L, I) or aromatic amino acids
(W, E ]) retain a strong ACE inhibitory activity [89]. Two ACE inhibitory peptides, VEP and
IQP, were obtained from A. platensis by the ultra-high-pressure (300 MPa)-assisted enzyme
hydrolysis method, and the yields were 0.48% and 0.58%, respectively. These peptides
were demonstrated to inhibit the ACE and lower the blood pressure of spontaneously
hypertensive rats [90].
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Table 4. Recent studies of bioactive peptides isolated from A. platensis and its hydrolysates.
Peptide Source Preparation Method K,}l:ti}fli;gﬁon and Identification Purified Peptide Sequence Bioactivity References
1.  Asn-Ala-Leu-Lys-Cys-Cys-His-Ser-Cys-
Pro-Ala NALKCCHSCPA)
2. Le-Asn-Asn-Pro-Ser-val-Cys-Asp-Cys-
. . . . Asp-Met-Met-Lys-Ala-Ala-
. . Hydprolysis by (trypsin, Ultrafiltration, gel column p Y
Sr (ﬁlgﬁ nsis platensis alcalase, pepsin, papain and  chromatography and 3 ﬁzg(%iN\g ?‘éffg}g%hfgl\dé ?AR) ¢ Antiobesity activity [91]
) MALDI-TOF-M : Salpndiitaslian) GiarAdioient =3
protamex) OF-MS (NPVWKRK)
4. Cys-Ala-Asn-Pro-
His-Glu-LeuProAsn-Lys
(CANPHELPNK)
A. platensis platensis . . Ultrafiltration (3 kDa), 5. Val-Thr-Tyr (VTY) In-vitro ACE inhibitory
protein Hydrolysis by thermolysin - gpc ppy C, ESI-Q-TOF 6. Leu-Gly—Val-Pro (LGVP) activity [52]
. : Ultrafiltration (10, 5, 3 kDa)
. Hydrolysis by Trypsin, L P
zé{ar;(liaéfgszs «-chymotrypsin é:;?}?ef;f;i?ff gﬁ;ggg:ggggﬂ;” 7. Leu-Asp-Ala-Val-Asn-Arg Anti-inflammatory [56]
and pepsin RP-HPLC, Q-TOF/MS '
. Trypsin, Ultrafiltration (<3 kDa), . .
A. platensis a-chymotrypsin Gel-permeation chromatography, 8. Met-Met-Leu-Asp-Phe Anti-atherosclerotic [56]
maxima . Antiallergic
and pepsin Q-TOF/MS
A. platensis Pepsin Ion exchange chromatography 9. Ile-Ala-Glu, Phe-Ala-Leu, In-vivo ACE inhibitory [93]
platensis P and gel filtration. 10. Ala-Glu-Leu activity
. ~ . 11.  Ile-Ala-Pro-Gly, o .
RPIPLC, (MALDITOF ) > 12 Val-Ala-Phe, o
! 13. Ile-GIn-Pro
A. platensis Papain Gel-permeation chromatography, 14 Val-Glu-Pro In-vitro ACE inhibitory [90]
platensis p RP-HPLC, (MALDI-TOF MS) activity
A. platensis Alcalase, flavourzyme Ultrafiltration (<3 kDa), Thr-Asp-Pro-Leu-Ala-Ala-Cys-Tle(Leu) Iron-chelating [78]

platensis

(SDS-PAGE), MALDI TOF/TOF
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Table 4. Cont.

Peptide Source

Preparation Method

Purification and Identification
Method

Purified Peptide Sequence

Bioactivity

References

A. platensis

In- vitro ACE inhibitory

platensis Alcalse, papain, pepsin - - activity [30]
. 16.  Gly-Gly-Thr-cys-Val-lle-Arg-Gly-Cys- s
?ZZIZZOSS;?M i MALDI-TOF MS Val-Pro-Lys-Lys-Teu- gi;gi);(;)tqccéxer cell [94]
Met(GGTCVIRGCVPKKLM)
A. platensis . . . s In- vitro ACE inhibit
plaptensis Thermolysin LC/MS Peptide sequence not identified aré tizlit];zo ntubrtory [80]
A. platensis . . . 17.  Ile-GIn-Pro (IQP), Invivo Antihypertensive
platensis Papain Ultrafiltration (1 and 5 kDa) 18 Val-Glu-Pro (VED), activity [81]
A. platensis Peptides prodqced during 19. Leu-Arg-Ser-Glu-Leu-Ala-Ala-Trp-Ser- In vitro: gc—amylase,
platensis ultrasqund—asmsted protein  LC-ESI-MS/MS Arg(LRSELAAWSR) q—g}u.c951daseDPP—IV [45]
extraction inhibition
20. Phe-Phe-Glu-Phe-phe(FFEFF),
: e 21.  Glu-Tyr-Phe-Asp-Ala-Leu- . .
fy s Hydolysisby Pepsin VAEatin 030 000,21 QDA I it antoxdant o5
P 22.  Val-Thr-Ala-Pro-Ala-Ala-Ser-Val-Ala-Leu y
(VTAPAASVAL)
A. platensis Hydrolysis by pepsin and In vitro activity of
Pl pater . yaro'ysis by pep LC-ESI-MS/MS Sequence of peptide was not identified Angiotension converting  [88]
atensis protein trypsin enzyme and DPP-IV
A platensi Alkali . 4 (Slglfghé%ié()}%dcgromasogr%PhY/ 23. Lys-Leu-Val-Asp-Ala-Ser-His-Arg-Leu-
. platensis aline protease an - , an uperdex Ala-Thr-Gly-Val-Ala-Val-Arg-Ala . . ..
Platensis papain 10/300 GL chromatography, (KLVD ASI—%IRL ATGD VAV R% : Antibacterial activity [61]
(LC-MS/MS
Anti-oxidant, Hemolysis
A. platensis Trypsin Ultrafiltration (10, 5, 3 kDa), 24.  Gly-Met-Cys-Cys-SerArg (GMCCSR) inhibition, [96]

Platensis protein

MALDI-TOF-TOF/MS

Collagen-stimulating
activities
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Table 4. Cont.
Peptide Source Preparation Method E‘:jﬂ;gﬁon and Identification Purified Peptide Sequence Bioactivity References
Fermentation by Thermus
A. platensis thermophilus HB27, and DEAE-52 cellulose column 25.  Thr-Phe-Arg-Gly-Pro-Pro (TFRGPP) Antioxidant activit 3]
Platensis extract Saccha romyces cerevisiae chromatography, UPLC-MS/MS, 26. Phe-Thr-Arg-Pro-Pro (FTRPP) y
CHO006
A. platensis . . . 27. <3kD tid Bone
Platensis protein Trypsin Ultrafiltration A pepHides regeneration/osteogenic [97]
A. platensis . . Ultrafiltration (10, 5, 3 kDa), gel ~ 28. Tyr-Gly-Phe-Val-met-Pro-Arg-Ser-Gly- Activity against cancer
Platensis protein Trypsin, alcalase and papain g1 00 MALDLTOF-MS leu-Trp-Phe-Arg (YGFEVMPRSGLWER)  cells, %]
A. platensis platensis
protein (SPP) and A.
platensis platensis Pepsin Molecular weight by HPLC Sequence of peptide was not identified Anti-obesity activity [99]
protein hydrolysate
(SPPH)
. . _ : 29. Gly-Ile-Val-Ala-Gly-Asp-Val-Thr-Pro- - . P
A. platensis platensis UHPLC UV-MS/MS. Tle(GIVAGDVTPI) Ant-hypertensive acitivity ~ [100]
A. platensis platensis Pepsin, trypsin, and }.Jllttratf.ﬂtratlion (3’t5’ 10 k}? a), gel  30. His-val-Leu-Ser-Arg-Ala-Pro-Arg Inhibitory activity on [68]
protein chymotrypsin l\l/Iiills)IIj "ISOII;C—)I\H}IE Ography, (HVLSRAPR) HT-29 cancer cells
. . Ultrafiltration (3, 5, 10 kDa), gel ~ 31. T.eu-Asp-ala-Val-asn-Are (LDAVNR y
. . Trypsin, a-chymotrypsin, ; ; . eu-Asp-ala-Val-asn-Arg ( ), Anti-inflammator
A. platensis maxima an}(ltlppepsin y yp %llgfﬁigﬁcchromatography, 32. Met-Met-Leu-Asp-Phe (MMLDF) activity y [56]
. _ Ultrafiltration (5,10 kDa), fast
A. platensis platensis Pepsin, a-chymotrypsin, protein liquid, 33. Thr-Met-Glu-Pro-Gly-Lys-Pro ACE inhibitory activity [101]

and trypsin

MALDI-TOF-TOF/MS
chromatography, RP-HPLC
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4.2. Antioxidant Peptides

ROS (reactive oxygen species) and free radicals (hydroxyl radicals, superoxide anion,
single oxygen, and hydrogen peroxide) can negatively affect the body’s important biologi-
cal molecules including nucleic acids, lipids, and proteins, and can lead to the development
of many chronic diseases such as including chronic inflammation, resulting in metabolic
disorders, cancer, uncontrolled cell proliferation, and cell death and inflammation [102].
Similarly, diverse pathological incidents occur in biological systems by lipid peroxidation.
Innate antioxidant compounds or enzymes retain the ability to scavenge ROS to maintain
their proper level in the human body. Compounds responsible for antioxidant activity in
microalgae are mainly phenolic compounds and short chain peptides. These compounds
play a vital role in numerous physiological processes, e.g., stress response, allowing or-
ganisms to survive by interacting with their surrounding environment. These metabolites
have antioxidant properties and help to regulate antimicrobial, anti-cancer, antitumor,
anti-inflammatory processes, and the immune system [103].

In recent years, marine peptides have gained attention for their use as an antioxidant
compound. The antioxidant activity of these peptides depends on the peptide sequence,
length, and amino acid composition. Previous research has shown that peptides with
hydrophobic amino acids such as Leu, Val, Trp, Ala, Phe, and Tyr in their structure exhibit
higher free radical scavenging activity by helping the peptides pass through membrane
lipid bilayers of target sites. Furthermore, acidic or basic amino acids (Glu, Asp, and,
Lys) act as metal ion chelators, and aromatic amino acids (Tyr, Trp, and Phe) quench free
radicals through the direct transfer of electrons [104]. The enzymatic hydrolysate of A.
platensis through the trypsin enzyme exhibits ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) scavenging activity of the 1371 pM Trolox equivalent. While the hydrolysate
by papain and pepsin showed the highest DPPH activity [105].

In another study, three peptides P1 (FFEFF), P2 (EYFDALA), and P3 (VTAPAASVAL)
were purified from S. platensis. Among the three peptides, P2 exhibits higher antioxidant
activity compared to P1 and P3. The higher activity is due to its secondary structure and
amino acid composition. P2 also showed strong activity against AAPH-induced oxidative
hemolysis and increased GSH-Px, SOD, and Cat activities by inhibiting MDA formation
and protecting erythrocytes [95]. A previous study reported a hexapeptide (GMCCSR) from
S. platensis hydrolysate through the trypsin enzyme, showing high antioxidant activity [96].
A recent study carried out by Villaro and his team [30] used different enzymes (Alcalase,
papain, ficin, and pepsin) to generate hydrolysate from A. platensis protein. Hydrolysate
from ficin and papain enzymes release peptides with the highest antihypertensive, anti-
diabetic, and antioxidant activity. A higher inhibitory activity against myeloperoxidase
(MPO) was found by two peptides (Thr-Phe-Arg-Gly-Pro-Pro (TFRGPP) and Phe-Thr-Arg-
Pro-Pro (FTRPP)) purified from A. platensis microbial fermentation. In peptide structure,
Pro-Pro might play a vital role for antioxidant activity [3]. Another peptide (EYFDALA)
from the enzymatic hydrolysate of A. platensis through pepsin exhibits excellent DPPH and
ABTS activity [95].

4.3. Anti-Diabetic Peptides

Diabetes is a chronic metabolic disorder caused by elevated levels of glucose in
the blood which harms the kidneys, eyes, blood vessels, and heart. The World Health
Organization (WHO) reported that >400 million people worldwide are diagnosed with
diabetes, and by 2045 approximately seven hundred million adults may be the victims of
diabetes. A total of 1.6 million deaths/year can be directly caused by this disease [106].
According to different etiology, diabetes can be classified into two types: type 1 diabetes
and type 2 diabetes. The former type is also called insulin-dependent diabetes, caused by
the destruction of pancreatic 3-cells due to cellular-mediated autoimmune disease and
insufficient insulin secretion. Conversely, the latter is due to insulin resistance and insulin
secretion, a total of 90-95% of cases of diabetes are type 2 [107]. Lifestyle and diet play
an important role in the development of chronic diseases. For the management of type 2
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diabetes, drugs can be used to reduce blood glucose levels and reduce insulin resistance.
However, existing therapies are often associated with unwanted side effects, so there is
increasing interest in the development of antidiabetic drugs without negative effects, and
the use of natural products for pharmacological use. Several studies have shown that
dietary ingredients such as protein hydrolysates and peptides could be effective in the
management of diabetes [108,109]. Recent research has revealed the anti-diabetic activity
of A. platensis and its protein and peptides. According to [110], A. platensis can prevent
hyperglycemia in rats by apoptosis and gluconeogenesis, while another study indicated a
reduction of blood glucose levels by 79% compared to the control [111].

Inhibitors with diverse chemical structures can inhibit the DPP-IV activity due to
quick access to its long cavity active site [105]. Peptides with DPP-IV inhibitory activity are
short-chain (2-5) amino acids in their structure, and the position of amino acids in peptide
sequence is also important. Peptides with Pro at the N-terminus position, followed by
Leu, Gly, Val, Phe, Ala, and ultimate C-terminal position, retain high DPP-IV inhibitory
activity [85]. Hydrophobic amino acids (Ala, Val, Pro, Leu, Met, Ile, Gly, Trp, and Phe) also
promote the specificity of the substrate [112].

Previous research has suggested that type II diabetes can be treated by targeting key
enzymes such as dipeptidyl peptidase-4 (DPP-1V), x-glucosidase, and x-amylase. 1,4 glyco-
sidic linkages of polysaccharides can be broken down by x-amylase to disaccharides, and
a-glucosidase further converts disaccharides to monosaccharides, which leads to hyper-
glycemia. The prime target of glycemic control is DPP-IV, which helps in the inactivation of
glucagon inhibitory peptide, incretin hormones, and peptide (GLP-1), which help to lower
the post-prandial glucose level [113]. Hu et al., 2019 identified 11 peptides from A. platensis
hydrolysate, and these three peptides showed in vitro anti-diabetic activities. After LC/MS
and in silico identification, three peptides (LRSELAAWSR, RNPFVFAPTLLTVAAR, and
GVPMPNK) were synthesized. The peptide LRSELAAWSR exhibits the best activity on
DPP-1V and a-glucosidase (IC59 = 1167.3 pg/mL and IC50 = 313.6 ug/mL), respectively,
while medium activity of c-amylase (IC50 = 313.6 ug/mL) was reported. Phycocyanin from
A. platensis was purified and in vitro, anti-diabetic activity was evaluated by (3-glucosidase
and o-amylase inhibition assays [45]. Phycocyanin administration at the concentration of
250 pg/mL could inhibit the activity of 3-glucosidase and x-amylase by 65% and 72%,
respectively [114]. However, bioactive peptides identified from A. platensis with antidiabetic
activity still need human trials to be used in the future as a functional food ingredient.

4.4. Anti-Cancer Peptides

Cancer is one of the leading causes of death worldwide, and its occurrence continues
to rise due to various factors such as unhealthy lifestyle choices, poor diet, and elevated en-
vironmental pollution. Cancer can be characterized by improper cell function and abnormal
cell growth. Chemotherapy, targeted therapy, immunotherapy, radiotherapy, and surgery
are the conventional treatment methods. These methods have some adverse side effects,
and the chance of tumor recurrence is also high. Therefore, it is important to search for
more therapeutic approaches for the prevention and treatment of cancer [115]. In contrast,
bioactive peptides can be used to control the growth of cancer cells, and peptides possessing
effective antibody-related antigens for cancer, and cell bioactive peptides from various
sources, have shown potential anti-cancer effects by entering into the cell membrane’s lipid
bilayer [116].

The anti-tumor effect of A. platensis protein hydrolysates and purified protein has been
investigated by several researchers. A study carried out by Wang and Zhang uses single
and sequential hydrolysis of A. platensis protein by trypsin, alcalase, and papain enzymes.
At the concentration of 0.5 mg/mL, all the hydrolysates exhibited high anti-cancer activity
against breast cancer cells (MCEF-7), gastric cancer cells (SGC-7901), colon cancer cells
(HT-29), lung cancer cells (A549), and liver cancer cells (HepG2) compared to the control
5-flurouracil (5-FU). Among all the hydrolysates, a peptide (YGFVMPRSGLWEFR) was
purified from papain hydrolysate and showed the highest antitumor activity on A549
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cancer cells with IC50 = 104.1 ug/mL [2]. Sequential hydrolysis by alcalase/papain, three
peptides (AGGASLLLLR, KFLVLCLR, LAGHVGVR), and one short peptide (LCLR) were
identified. Peptide (LCLR) exhibits high anti-cancer activity against HepG2, HT-29, and
Ab549 cancer cells. In vivo experiment results showed that a dosage of 200 mg/kg/d of the
peptide fraction inhibits solid tumor growth in HepG2-bearing nude mice. The other novel
peptide (HVLSRAPR) from the sequential hydrolysis of pepsin/trypsin/chymotrypsin
showed inhibitory activity (IC50 = 99.9 ug/mL) against HT-29 cancer cells [95]. According
to Wang and Zhang (2016), peptide fraction and its nano-encapsulation fraction from
A. platensis were tested for antitumor activity by MTT assay in human liver and breast
cancer cells. The chemotherapeutic drug 5-flurouracil was used as a standard and positive
control. Both the peptide fractions (peptide fraction before encapsulation and fraction after
encapsulation) showed high antitumor activity [98]. In another study, peptide phycocyanin
isolated from A. platensis revealed anti-cancer activity against H1299 and HepG2 (liver
and lung cancer cells) at the concentration of 500 pg/mL [114]. Sannasimuthu’s research
team identified a short-chain peptide (GGTCVIRGCVPKKLM) from A. platensis at the
concentration of 25 uM, and the chemically synthesized peptide exhibited activity against
the caspase-9-mediated apoptosis of oral cancer cells, membrane disruption, and DNA
degradation [94].

4.5. Anti-Microbial and Antifungal Peptides

A significant reduction in the stability and shelf life of food products is due to lipid
oxidation and microbial spoilage. It is important to produce natural preservatives and an-
tibacterial compounds to protect food products. Antimicrobial peptides (AMPs) are natural
sources of compounds that show antimicrobial activity against a variety of microorganism
infections (parasites, protozoa, viruses, bacteria, and fungi) [58]. AMPs are generally small
in size (<100 amino acids in their structure). Peptide characteristics such as flexibility,
hydrophobicity, cationic charge, size, and amino acid composition play an important role
in the interaction with the plasma membrane/cell wall of pathogenic microorganisms. The
antimicrobial activity of peptides varies from peptide to peptide, depending on the method
of obtaining the peptide, its source, its isolation, and purification techniques. Antimicrobial
peptides can be divided into three categories based on their structure: (1) helical linear
peptides, (2) open-ended cyclic peptides, and (3) disulfide-bridged cyclic peptides, with
high amounts of proline/histidine and glycine in primary structures [116]. Several peptides
can enter the cell wall of microorganisms to kill them by modulating the immune system
through phagocytosis, disrupting cytoplasmic membranes, and interfering with nucleic
acid synthesis [117]. Seghiri et al. investigated A. platensis and its hydrolysate effect on
the growth inhibition of B. cereus (B.C.) and E. coli (E.C.), and compared it with the control
sample. Among the hydrolysates, alcalase hydrolysate exhibited high activity against
B.C. (11.6 mm) and E.C. (14.7 mm) [1]. The antimicrobial function of hydrolysates and
peptides can depend on the amino acid composition, such as histidine, glycine, arginine,
and proline, and hydrophobic amino acids. Bacterial growth can be inhibited by positively
charged peptides and hydrophobic amino acids by the penetration and reaction with the
cell membrane [118]. Enzymatic hydrolysis by papain and the alkaline protease of A. platen-
sis were investigated for antimicrobial peptide identification. A series of chromatographic
techniques (RP-HPLC, GPC, Superdex 75 10/300 GLC) was used for peptide purification.
The amino acid sequence of the peptide was identified by LC-MS/MS. The identified
peptide KLVDASHRLATGDVAVRA with a molecular weight of 1878.97 Da and a total of 18
amino acid residues was present in the structure. Inhibitory activity against Staphylococcus
aureus was 16 mg/mL and 8 mg/mL for Escherichia coli. Due to the effective defense system
and broad-spectrum characteristics of the A. platensis peptides against fungal and bacterial
infections, it can be used as an active candidate for the development of antimicrobial drugs
in the future [61].
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4.6. Anti-Obesity

Obesity is caused by the abnormal accumulation of adipocytes, due to an imbalance
between energy intake and expenditure. The increment in global obesity has tripled since
1975, affecting 13% of adults in 2016. Worldwide, 4.7 million deaths are linked to obesity,
and life expectancy is reduced by 5-20 years [44]. The development of major human
metabolic diseases such as cardiovascular diseases, non-alcoholic fatty liver, hypertension,
insulin resistance, osteoarthritis, and hyperlipidemia are associated with obesity. A low
energy diet supplemented with functional food has been used to reduce body mass index
(BMI), body weight (BW), waist circumference (WC), cholesterol (TC), triglyceride (TG),
low-density lipoprotein cholesterol (LDL-C), and fasting blood glucose (FBS).

In vitro obesity evaluation is the most important method for obesity inhibition, and
the major key enzyme (pancreatic lipase) inhibition is most important. This enzyme is very
important in the course of lipid metabolism. The accumulation of adipocytes originating
from fibroblastic pre-adipocytes in adipose tissues is responsible for obesity at the cellular
level [119]. For the reduction of obesity, the inhibition of lipogenesis, and the differentiation
and proliferation of pre-adipocytes or lipolysis stimulation, is very necessary. Previous
research accounts for the role of food-derived bioactive peptides in the reduction of body
fat and fat metabolism. A significant reduction in BMI, WC, BW, and body fat was observed
in obese patients by the administration of A. platensis. A significant increase in HDL-C
(high-density lipoprotein cholesterol) and a reduction in LDL-C (low-density lipoprotein
cholesterol), TC, FBS, and insulin was noted in metabolic syndrome patients [120].

A double-blinded placebo study revealed the effect of 1 g of A. platensis powder/day
for 12 weeks, and a significant reduction in appetite and body weight (89.6-88.0 kg) was
noted [99]. A study demonstrated that the A. platensis protein was hydrolyzed by five
enzymes (alcalase, papain, trypsin, protamex, and pepsin). For purification of the pep-
tides, hydrolysates were subjected to ultrafiltration and gel column chromatography. The
ultrafiltration fraction (3-5 kDa) from pepsin hydrolysate possesses high inhibitory activity
against lipase (72%). Its chromatographic results showed high activity (72.7-88.1%) against
3T3-L1 pre-adipocytes. The identification by mass spectrometry of four novel peptides
(NPVWKRK, NALKCCHSCPA, CANPHELPNK, and LNNPSVCDCDCMMKAAR) were
identified. These peptides inhibit pre-adipocyte proliferation by 32.29-60.08% [91]. Further-
more, CANPHELPNK and NPVWKRK inhibit triglyceride accumulation by up to 19.5%
and 23.7%) at 600 ug/mL. A. platensis protein hydrolyzed by pepsin exhibits an anti-obesity
effect by reducing weight by 39.80%, while decreasing the cholesterol level by 20.8% and
serum glucose level by 23.8% [121].

5. Conclusions

Among the Cyanobacteria, A. platensis has the potential to become a superfood in
the future. This review summarized important information about A. platensis’s nutritional
composition, bioactive peptide production, isolation, purification identification of potential
health benefits, and its role in health improvement. Overall, the research reveals that A.
platensis is a valuable source of protein, minerals (potassium, calcium, selenium), omega-6
fatty acids, and vitamins (Vit E, A, C, B), and can be used as an important ingredient
for the development of functional and fresh foods, dietary supplements, and be put to
pharmaceutical use to obtain specific health outcomes. Although A. platensis is being used
in many food products such ice cream, cookies, snacks, sauces, and pasta, A. platensis
also contains a high amount of protein, and to use this protein the extraction of protein is
needed first. For the release of bioactive peptides, enzymatic hydrolysis (pepsin, papain,
trypsin, alcalase, flavorzyme) and fermentation are mainly used. Several studies show
the bioactivities of released peptides such as hypoglycemic properties, and immunostim-
ulant, anti-inflammatory, antiobesity, antitumor, and antioxidant activities. Important
cost-effective methods need to be developed for the production, purification, isolation,
identification, and stabilization of these peptides at the market level and to minimize the
production of toxic compounds. Several in vitro and in vivo studies have shown the bioac-
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tivity of peptides, however, human trials and molecular studies are needed to investigate
the mechanism by which peptides exhibit their action at the cell level.

Future Trends

Although Spirulina-derived bioactive peptides have potential health benefits, further
in vivo and clinical trials need to be conducted for validation and to transfer technology
from bench to bedside. The demand of the new drug and functional food from natural
sources is appealing. Therefore, Spirulina-derived peptides can play an important role in
the nutraceutical, cosmeceutical, and pharmaceutical industries.

Author Contributions: Conceptualization, Faizan, Q.F, J.L., X.W. (Xiu Wang), X.W. (Xiaoxiao Wang),
J.W. and R.L.; methodology, N.B., FQ., EY. and Q.U.K; investigation, Faizan, Q.F, J.L., X.W. (Xiu
Wang), X.W. (Xiaoxiao Wang), ].W. and R.L.; resources, Faizan, Q.E, J.L., X.W. (Xiu Wang), X.W.
(Xiaoxiao Wang), ].W. and R.L.; data curation, Faizan, Q.F, J.L., X.W. (Xiu Wang), X.W. (Xiaoxiao
Wang), ].W. and R.L.; writing—original draft preparation, N.B. and Q.U.K.; writing—review and
editing, N.B., EQ., EY. and Q.U.K; visualization, Faizan, Q.F,, J.L., X.W. (Xiu Wang), X.W. (Xiaoxiao
Wang), ].W. and R.L.; supervision, D.L. and W.Z.; project administration, D.L. and W.Z.; funding
acquisition, F.Q., D.L. and W.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China: 82270413;
the Natural Science Foundation of Guangdong Province of China: 2022A1515011368, 2023A1515011581;
the Center for Transformation of Scientific and Technological Achievements of Guangdong Provincial
Universities: zc03040000560; the Key Projects of Department of Education of Guangdong Province of
China: 2022ZDZX2057; the Key Natural Scientific Research Projects of Department of Education of
Anhui Province of China (Grant No. 2024AH050862); the Guangzhou Basic Research Program 2023:
2023A04J0708.

Data Availability Statement: Not Applicable.

Acknowledgments: All authors are thankful for financial support to the National Natural Science
Foundation of China: 82270413; the Natural Science Foundation of Guangdong Province of China:
2022A1515011368, 2023A1515011581; the Center for Transformation of Scientific and Technological
Achievements of Guangdong Provincial Universities: zc03040000560; the Key Projects of Department
of Education of Guangdong Province of China: 2022ZDZX2057; the Key Natural Scientific Research
Projects of Department of Education of Anhui Province of China (Grant No. 2024AH050862); the
Guangzhou Basic Research Program 2023: 2023 A04J0708.

Conlflicts of Interest: Author Qudrat Ullah Khan was employed by the company Vanced Materials
Technology (Zhongshan) Co., Ltd. The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed as a potential
conflict of interest. The company had no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

Abbreviations

A. platensis, Arthrospira platensis; ANVISA, National Sanitary Surveillance Agency; FDA, Food
and Drug Administration; GRAS, Generally Recognized as Safe; ACE, Angiotensin converting en-
zyme; MWCO, Molecular weight cut-off filtration; WHO, World Health Organization; FAO, Food and
Agriculture Organization; DNA, Deoxyribonucleic acid; PUFA, Polyunsaturated fatty acids; MUFA,
Monounsaturated; SFA, Saturated fatty acids; DHA, Docosahexaenoic acid; EPA, Eicosapentaenoic
acid; DW, Dry Weight; GAE, Gallic acid equivalents; QE, Quercetin equivalents; DH, Degree of hydrol-
ysis; MAO-A, Monoamine oxidase-A; ICsg, Half maximal inhibitory concentration; UV, Ultraviolet;
MS, Mass spectrometry detectors; HPLC, high-performance liquid Chromatography; ICP-OES, In-
ductively coupled plasma optical emission spectrometry; LC-MS, Liquid chromatography—mass spec-
trometry; LC-MS/MS, Liquid chromatography with tandem mass spectrometry; RP-HPLC, Reversed
phase high-performance liquid chromatography; CIEF, Capillary iso-electric focusing; CE, capillary
electrophoresis; IEC Ion-exchange chromatography; GFC, Gel filtration chromatography; UHPLC,
Ultra-high-pressure liquid chromatography; HILIC, Hydrophilic interaction liquid chromatography;



Processes 2024, 12, 2608 23 of 27

CE, Capillary electrophoresis; FAB-MS, Fast atom bombardment mass spectrometry; ESI-MS, Elec-
trospray ionization-mass spectrometry; MALDI-MS, Matrix-assisted laser desorption/ionization
mass spectrometry; MALDI-TOF, Matrix-assisted laser deionization time-of-flight; FPLC, Fast protein
liquid chromatography; RAS, Renin-angiotensin system; KKS, Kallikrein-kinin system; HbAlc, Glyco-
sylated hemoglobin A1C; MTT, 3-(4, 5-dimethylthiazole-2-yl)-2,5-diphenyltetrazoliumbromide; MDA,
Malondialdehyde; ROS, Reactive oxygen species; SOD, Superoxide dismutase; ABTS, 2,2"-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid; DPPH, 1,1-diphenyl-2-picrylhydrazyl; DPP-IV, Dipeptidyl
peptidase-IV; BMI, Body mass index; BW, Body weight; WC, Waist circumference; TC, Cholesterol;
TG, Triglyceride; LDL-C, Low-density lipoprotein cholesterol; HDL-C, High-density lipoprotein
cholesterol; FBS, Fasting blood glucose.

References

1. Seghiri, R.; Kharbach, M.; Essamri, A. Functional composition, nutritional properties, and biological activities of Moroccan
Spirulina microalga. J. Food Qual. 2019, 2019, 3707219. [CrossRef]

2. Ovando, C.A,; Carvalho, ].C.d.; Vinicius de Melo Pereira, G.; Jacques, P.; Soccol, V.T.; Soccol, C.R. Functional properties and health
benefits of bioactive peptides derived from Spirulina: A review. Food Rev. Int. 2018, 34, 34-51. [CrossRef]

3. Wei, Y-F; Wang, ].-Q.; Luo, Y.-].; Zhao, X.-F; Zou, L.-H.; Qiu, X.-F; Nie, S.-P; Liu, H.-Y. Isolation, purification and characterization
of antioxidant peptides from Spirulina platensis extracts co-fermentation with Thermus thermophilus HB27 and Saccharomyces
cerevisine CH006. LWT 2024, 205, 116497.

4.  Lafarga, T.; Fernandez-Sevilla, ].M.; Gonzalez-Lépez, C.; Acién-Fernandez, FE.G. Spirulina for the food and functional food
industries. Food Res. Int. 2020, 137, 109356.

5. Costa, J.A.V,; Freitas, B.C.B.; Rosa, G.M.; Moraes, L.; Morais, M.G.; Mitchell, B.G. Operational and economic aspects of Spirulina-
based biorefinery. Bioresour. Technol. 2019, 292, 121946.

6. Novovesks, L.; Zapata, A.K.; Zabolotney, ].B.; Atwood, M.C.; Sundstrom, E.R. Optimizing microalgae cultivation and wastewater
treatment in large-scale offshore photobioreactors. Algal Res. 2016, 18, 86-94. [CrossRef]

7. De Oliveira, T.T.B.; dos Reis, LM.; de Souza, M.B.; da Silva Bispo, E.; Maciel, L.E; Druzian, J.I; Tavares, PP.L.G.; de Oliveira
Cerqueira, A.; Morte, E.d.S.B.; Gléria, M.B.A. Microencapsulation of Spirulina sp. LEB-18 and its incorporation in chocolate milk:
Properties and functional potential. LWT 2021, 148, 111674. [CrossRef]

8. Pulz, O,; Gross, W. Valuable products from biotechnology of microalgae. Appl. Microbiol. Biotechnol. 2004, 65, 635-648.

9.  Meéndez-Vilas, A. Science Against Microbial Pathogens: Communicating Current Research and Technological Advances; Formatex
Research Center Badajoz: Badajoz, Spain, 2011; Volume 1.

10. Lafarga, T. Effect of microalgal biomass incorporation into foods: Nutritional and sensorial attributes of the end products. Algal
Res. 2019, 41, 101566.

11. Belay, A. The potential application of Spirulina (Arthrospira) as a nutritional and therapeutic supplement in health management.
J. Am. Nutraceutical Assoc. 2002, 5, 27-48.

12.  Saadi, S.; Saari, N.; Anwar, F; Hamid, A.A.; Ghazali, H.M. Recent advances in food biopeptides: Production, biological
functionalities and therapeutic applications. Biotechnol. Adv. 2015, 33, 80-116. [CrossRef] [PubMed]

13. Akbarbaglu, Z.; Ayaseh, A.; Ghanbarzadeh, B.; Sarabandi, K. Biological stabilization of Arthrospira bioactive-peptides within
biopolymers: Functional food formulation; bitterness-masking and nutritional aspects. LWT 2024, 191, 115653. [CrossRef]

14. Chakrabarti, S.; Guha, S.; Majumder, K. Food-derived bioactive peptides in human health: Challenges and opportunities.
Nutrients 2018, 10, 1738. [CrossRef] [PubMed]

15. Aguilar-Toald, J.; Herndndez-Mendoza, A.; Gonzdlez-Cordova, A.; Vallejo-Cordoba, B.; Liceaga, A. Potential role of natural
bioactive peptides for development of cosmeceutical skin products. Peptides 2019, 122, 170170. [CrossRef] [PubMed]

16. Gallego, M.; Mauri, L.; Aristoy, M.C.; Toldra, F; Mora, L. Antioxidant peptides profile in dry-cured ham as affected by
gastrointestinal digestion. J. Funct. Foods 2020, 69, 103956. [CrossRef]

17.  Begum, N.; Khan, Q.U.; Al-Dalali, S.; Lu, D.; Yang, F; Li, J.; Wu, D.; Li, R.; Wang, J.; Liu, D. Process optimization and identification
of antioxidant peptides from enzymatic hydrolysate of bovine bone extract, a potential source in cultured meat. Front. Sustain.
Food Syst. 2024, 7, 1345833. [CrossRef]

18. Lafarga, T.; Rodriguez-Bermudez, R.; Morillas-Espafia, A.; Villaro, S.; Garcia-Vaquero, M.; Moran, L.; Sanchez-Zurano, A.;
Gonzalez-Lopez, C.V.,; Acién-Fernandez, F.G. Consumer knowledge and attitudes towards microalgae as food: The case of Spain.
Algal Res. 2021, 54, 102174. [CrossRef]

19. Minkiewicz, P; Iwaniak, A.; Darewicz, M. BIOPEP-UWM database of bioactive peptides: Current opportunities. Int. J. Mol. Sci.
2019, 20, 5978. [CrossRef]

20. Kitts, D.D.; Weiler, K. Bioactive proteins and peptides from food sources. Applications of bioprocesses used in isolation and
recovery. Curr. Pharm. Des. 2003, 9, 1309-1323. [CrossRef]

21. Apone, F; Barbulova, A.; Colucci, M.G. Plant and microalgae derived peptides are advantageously employed as bioactive

compounds in cosmetics. Front. Plant Sci. 2019, 10, 756. [CrossRef]


https://doi.org/10.1155/2019/3707219
https://doi.org/10.1080/87559129.2016.1210632
https://doi.org/10.1016/j.algal.2016.05.033
https://doi.org/10.1016/j.lwt.2021.111674
https://doi.org/10.1016/j.biotechadv.2014.12.003
https://www.ncbi.nlm.nih.gov/pubmed/25499177
https://doi.org/10.1016/j.lwt.2023.115653
https://doi.org/10.3390/nu10111738
https://www.ncbi.nlm.nih.gov/pubmed/30424533
https://doi.org/10.1016/j.peptides.2019.170170
https://www.ncbi.nlm.nih.gov/pubmed/31574281
https://doi.org/10.1016/j.jff.2020.103956
https://doi.org/10.3389/fsufs.2023.1345833
https://doi.org/10.1016/j.algal.2020.102174
https://doi.org/10.3390/ijms20235978
https://doi.org/10.2174/1381612033454883
https://doi.org/10.3389/fpls.2019.00756

Processes 2024, 12, 2608 24 of 27

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Lafarga, T.; Sanchez-Zurano, A.; Villaro, S.; Morillas-Espania, A.; Acién, G. Industrial production of spirulina as a protein source
for bioactive peptide generation. Trends Food Sci. Technol. 2021, 116, 176-185. [CrossRef]

Montalvo, G.E.B.; Vandenberghe, L.P.d.S.; Soccol, V.T.; Carvalho, J.C.d.; Soccol, C.R. The antihypertensive, antimicrobial and
anticancer peptides from Arthrospira with therapeutic potential: A mini review. Curr. Mol. Med. 2020, 20, 593-606. [CrossRef]
[PubMed]

Koli, D.K,; Rudra, S.G.; Bhowmik, A.; Pabbi, S. Nutritional, functional, textural and sensory evaluation of Spirulina enriched
green pasta: A potential dietary and health supplement. Foods 2022, 11, 979. [CrossRef] [PubMed]

Begum, N.; Khan, Q.U,; Liu, L.G,; Li, W,; Liu, D.; Haq, I.U. Nutritional composition, health benefits and bio-active compounds of
chickpea (Cicer arietinum L.). Front. Nutr. 2023, 10, 1218468. [CrossRef] [PubMed]

Kulkarni, D.S.; Kapanoor, S.S.; Girigouda, K.; Kote, N.V.; Mulimani, V.H. Reduction of flatus-inducing factors in soymilk by
immobilized a-galactosidase. Biotechnol. Appl. Biochem. 2006, 45, 51-57. [CrossRef] [PubMed]

Haider, S.; Shahzad, S.; Batool, Z.; Sadir, S.; Liaquat, L.; Tabassum, S.; Perveen, T. Spirulina platensis reduces the schizophrenic-like
symptoms in rat model by restoring altered APO-E and RTN-4 protein expression in prefrontal cortex. Life Sci. 2021, 277, 119417.
[CrossRef]

Bortolini, D.G.; Maciel, G.M.; Fernandes, 1.d.A.A.; Pedro, A.C.; Rubio, ET.V.; Branco, 1.G.; Haminiuk, C.W.I. Functional properties
of bioactive compounds from Spirulina spp.: Current status and future trends. Food Chem. Mol. Sci. 2022, 5, 100134. [CrossRef]
Grosshagauer, S.; Kraemer, K.; Somoza, V. The true value of Spirulina. J. Agric. Food Chem. 2020, 68, 4109-4115. [CrossRef]
Villaré, S.; Jiménez-Marquez, S.; Musari, E.; Bermejo, R.; Lafarga, T. Production of enzymatic hydrolysates with in vitro
antioxidant, antihypertensive, and antidiabetic properties from proteins derived from Arthrospira platensis. Food Res. Int. 2023,
163, 112270. [CrossRef]

Priyanka, S.; Varsha, R.; Verma, R.; Ayenampudi, S.B. Spirulina: A spotlight on its nutraceutical properties and food processing
applications. J. Microbiol. Biotechnol. Food Sci. 2023, 12, e4785. [CrossRef]

El-Moataaz, S.; Ismael, H.; Aborhyem, S. Assessment of chemical composition of Spirulina platensis and its effect on fasting blood
glucose and lipid profile in diabetic Rats. |. High Inst. Public Health 2019, 49, 199-211. [CrossRef]

Fortuin, J.; Hellebois, T.; Iken, M.; Shaplov, A.S.; Fogliano, V.; Soukoulis, C. Stabilising and functional effects of Spirulina
(Arthrospira platensis) protein isolate on encapsulated Lacticaseibacillus rhamnosus GG during processing, storage and gastrointesti-
nal digestion. Food Hydrocoll. 2024, 149, 109519. [CrossRef]

Morist, A.; Montesinos, J.; Cusido, J.; Godia, F. Recovery and treatment of Spirulina platensis cells cultured in a continuous
photobioreactor to be used as food. Process Biochem. 2001, 37, 535-547. [CrossRef]

Muys, M.; Sui, Y.; Schwaiger, B.; Lesueur, C.; Vandenheuvel, D.; Vermeir, P; Vlaeminck, S.E. High variability in nutritional value
and safety of commercially available Chlorella and Spirulina biomass indicates the need for smart production strategies. Bioresour.
Technol. 2019, 275, 247-257. [CrossRef] [PubMed]

Aouir, A.; Amiali, M,; Bitam, A.; Benchabane, A.; Raghavan, V.G. Comparison of the biochemical composition of different
Arthrospira platensis strains from Algeria, Chad and the USA. J. Food Meas. Charact. 2017, 11, 913-923. [CrossRef]

Menegotto, A.L.L.; de Souza, L.E.S.; Colla, L.M.; Costa, ].A.V,; Sehn, E.; Bittencourt, P.R.S.; de Moraes Flores, E.L.; Canan, C.;
Colla, E. Investigation of techno-functional and physicochemical properties of Spirulina platensis protein concentrate for food
enrichment. LWT 2019, 114, 108267. [CrossRef]

Barros de Medeiros, V.P; da Costa, WK.A,; da Silva, R.T.; Pimentel, T.C.; Magnani, M. Microalgae as source of functional
ingredients in new-generation foods: Challenges, technological effects, biological activity, and regulatory issues. Crit. Rev. Food
Sci. Nutr. 2022, 62, 4929-4950. [CrossRef]

Li, Y,; Lammi, C.; Boschin, G.; Arnoldi, A.; Aiello, G. Recent advances in microalgae peptides: Cardiovascular health benefits and
analysis. J. Agric. Food Chem. 2019, 67, 11825-11838. [CrossRef]

Begum, N.; Raza, A.; Song, H.; Iftikhar, M.; Zhang, Y.; Zhang, L.; Liu, P. Fractionation and identification of flavor peptides from
bovine bone extract after enzymatic hydrolysis and Maillard reaction by consecutive chromatography. J. Food Process. Preserv.
2021, 45, e15778. [CrossRef]

ElFar, O.A,; Billa, N.; Lim, H.R.; Chew, K.W.; Cheah, W.Y.; Munawaroh, H.S.H.; Balakrishnan, D.; Show, P.L. Advances in delivery
methods of Arthrospira platensis (spirulina) for enhanced therapeutic outcomes. Bioengineered 2022, 13, 14681-14718. [CrossRef]
Arrari, F; Jabri, M.-A.; Ayari, A.; Dakhli, N.; Fayala, C.B.; Boubaker, S.; Sebai, H. Amino acid HPLC-FLD analysis of spirulina
and its protective mechanism against the combination of obesity and colitis in wistar rats. Heliyon 2024, 10, e30103. [CrossRef]
[PubMed]

Deasy, L.; Indah, R.; Rugaiyah, A.; Asma, A. Nutritional analysis of Spirulina sp. to promote as superfood candidate. IOP Conf.
Ser. Mater. Sci. Eng. 2019, 509, 012031.

Bohorquez-Medina, S.L.; Bohérquez-Medina, A.L.; Zapata, V.A.B.; Ignacio-Cconchoy, FL.; Toro-Huamanchumo, C.J.; Bendezu-
Quispe, G.; Pacheco-Mendoza, J.; Hernandez, A.V. Impact of spirulina supplementation on obesity-related metabolic disorders: A
systematic review and meta-analysis of randomized controlled trials. NFS J. 2021, 25, 21-30. [CrossRef]

Hu, S.; Fan, X.; Qi, P; Zhang, X. Identification of anti-diabetes peptides from Spirulina platensis. |. Funct. Foods 2019, 56, 333-341.
[CrossRef]

Colla, L.M.; Furlong, E.B.; Costa, ].A.V. Antioxidant properties of Spirulina (Arthospira) platensis cultivated under different
temperatures and nitrogen regimes. Braz. Arch. Biol. Technol. 2007, 50, 161-167. [CrossRef]


https://doi.org/10.1016/j.tifs.2021.07.018
https://doi.org/10.2174/1566524020666200319113006
https://www.ncbi.nlm.nih.gov/pubmed/32189592
https://doi.org/10.3390/foods11070979
https://www.ncbi.nlm.nih.gov/pubmed/35407065
https://doi.org/10.3389/fnut.2023.1218468
https://www.ncbi.nlm.nih.gov/pubmed/37854353
https://doi.org/10.1042/BA20060027
https://www.ncbi.nlm.nih.gov/pubmed/16780418
https://doi.org/10.1016/j.lfs.2021.119417
https://doi.org/10.1016/j.fochms.2022.100134
https://doi.org/10.1021/acs.jafc.9b08251
https://doi.org/10.1016/j.foodres.2022.112270
https://doi.org/10.55251/jmbfs.4785
https://doi.org/10.21608/jhiph.2019.64463
https://doi.org/10.1016/j.foodhyd.2023.109519
https://doi.org/10.1016/S0032-9592(01)00230-8
https://doi.org/10.1016/j.biortech.2018.12.059
https://www.ncbi.nlm.nih.gov/pubmed/30594834
https://doi.org/10.1007/s11694-016-9463-4
https://doi.org/10.1016/j.lwt.2019.108267
https://doi.org/10.1080/10408398.2021.1879729
https://doi.org/10.1021/acs.jafc.9b03566
https://doi.org/10.1111/jfpp.15778
https://doi.org/10.1080/21655979.2022.2100863
https://doi.org/10.1016/j.heliyon.2024.e30103
https://www.ncbi.nlm.nih.gov/pubmed/38694088
https://doi.org/10.1016/j.nfs.2021.09.003
https://doi.org/10.1016/j.jff.2019.03.024
https://doi.org/10.1590/S1516-89132007000100020

Processes 2024, 12, 2608 25 of 27

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

Souiy, Z.; Zakhama, N.; Cheraief, I.; Hammami, M. Nutritional, physical, microbial, and sensory characteristics of gluten-and
sugar-free cereal bar enriched with spirulina and flavored with neroli essential oil. LWT 2022, 169, 113955. [CrossRef]
Hynstova, V.; Sterbova, D.; Klejdus, B.; Hedbavny, J.; Huska, D.; Adam, V. Separation, identification and quantification of
carotenoids and chlorophylls in dietary supplements containing Chlorella vulgaris and Spirulina platensis using high performance
thin layer chromatography. J. Pharm. Biomed. Anal. 2018, 148, 108-118. [CrossRef] [PubMed]

Monteverde, D.; Gémez-Consarnau, L.; Suffridge, C.; Saitudo-Wilhelmy, S.A. Life’s utilization of B vitamins on early Earth.
Geobiology 2017, 15, 3-18. [CrossRef]

Watanabe, F.; Yabuta, Y.; Tanioka, Y.; Bito, T. Biologically active vitamin B12 compounds in foods for preventing deficiency among
vegetarians and elderly subjects. J. Agric. Food Chem. 2013, 61, 6769—-6775. [CrossRef]

Park, W.S.; Kim, H.-].; Li, M,; Lim, D.H.; Kim, J.; Kwak, S.-S.; Kang, C.-M.; Ferruzzi, M.G.; Ahn, M.-]. Two classes of pigments,
carotenoids and c-phycocyanin, in spirulina powder and their antioxidant activities. Molecules 2018, 23, 2065. [CrossRef]
Masuda, K.; Chitundu, M. Multiple micronutrient supplementation using spirulina platensis and infant growth, morbidity, and
motor development: Evidence from a randomized trial in Zambia. PLoS ONE 2019, 14, e0211693. [CrossRef]

Rao, PS.; Mantri, V.A.; Ganesan, K. Mineral composition of edible seaweed Porphyra vietnamensis. Food Chem. 2007, 102, 215-218.
[CrossRef]

Carcea, M.; Sorto, M.; Batello, C.; Narducci, V.; Aguzzi, A.; Azzini, E.; Fantauzzi, P; Finotti, E.; Gabrielli, P.; Galli, V. Nutritional
characterization of traditional and improved dihé, alimentary blue-green algae from the lake Chad region in Africa. LWT-Food Sci.
Technol. 2015, 62, 753-763. [CrossRef]

Naseem, S.; Rizwan, M.; Durrani, A.I,; Munawar, A.; Gillani, S.R. Innovations in cell lysis strategies and efficient protein extraction
from blue food (Seaweed). Sustain. Chem. Pharm. 2024, 39, 101586. [CrossRef]

Vo, T.-S.; Ryu, B.; Kim, S.-K. Purification of novel anti-inflammatory peptides from enzymatic hydrolysate of the edible microalgal
Spirulina maxima. J. Funct. Foods 2013, 5, 1336-1346. [CrossRef]

Zhang, B.; Zhang, X. Separation and nanoencapsulation of antitumor polypeptide from Spirulina platensis. Biotechnol. Prog. 2013,
29,1230-1238. [CrossRef]

Sridhar, K.; Inbaraj, B.S.; Chen, B.-H. Recent developments on production, purification and biological activity of marine peptides.
Food Res. Int. 2021, 147, 110468. [CrossRef]

Fan, X.; Bai, L.; Zhu, L.; Yang, L.; Zhang, X. Marine algae-derived bioactive peptides for human nutrition and health. ]. Agric.
Food Chem. 2014, 62,9211-9222. [CrossRef]

Begum, N.; Raza, A; Song, H.; Zhang, Y.; Zhang, L.; Liu, P. Effect of thermal treatment on aroma generation from bovine bone
marrow extract during enzymatic hydrolysis. J. Food Process. Preserv. 2019, 43, €14105. [CrossRef]

Sun, Y,; Chang, R.; Li, Q.; Li, B. Isolation and characterization of an antibacterial peptide from protein hydrolysates of Spirulina
platensis. Eur. Food Res. Technol. 2016, 242, 685-692. [CrossRef]

Ejike, C.E.; Collins, S.A.; Balasuriya, N.; Swanson, A.K.; Mason, B.; Udenigwe, C.C. Prospects of microalgae proteins in producing
peptide-based functional foods for promoting cardiovascular health. Trends Food Sci. Technol. 2017, 59, 30-36. [CrossRef]
Abdelhedi, O.; Nasri, M. Basic and recent advances in marine antihypertensive peptides: Production, structure-activity relation-
ship and bioavailability. Trends Food Sci. Technol. 2019, 88, 543-557. [CrossRef]

Slizyte, R.; Rommi, K.; Mozuraityte, R.; Eck, P; Five, K.; Rustad, T. Bioactivities of fish protein hydrolysates from defatted salmon
backbones. Biotechnol. Rep. 2016, 11, 99-109. [CrossRef] [PubMed]

Wang, T,; Lin, S.; Cui, P,; Bao, Z,; Liu, K,; Jiang, P.; Zhu, B.; Sun, N. Antarctic krill derived peptide as a nanocarrier of iron through
the gastrointestinal tract. Food Biosci. 2020, 36, 100657. [CrossRef]

Kim, S.-K.; Wijesekara, I. Development and biological activities of marine-derived bioactive peptides: A review. J. Funct. Foods
2010, 2, 1-9. [CrossRef]

Liu, J.; Bai, X;; Fu, P. In silico and in vitro assessment of bioactive peptides from Arthrospira platensis phycobiliproteins for DPP-IV
inhibitory activity, ACE inhibitory activity, and antioxidant activity. . Appl. Phycol. 2022, 34, 1497-1511. [CrossRef]

Wang, Z.; Zhang, X. Isolation and identification of anti-proliferative peptides from Spirulina platensis using three-step hydrolysis.
J. Sci. Food Agric. 2017, 97, 918-922. [CrossRef]

Oh, R.; Lee, M.].; Kim, Y.-O.; Nam, B.-H.; Kong, H.].; Kim, J.-W.,; Park, J.-y.; Seo, ].-K.; Kim, D.-G. Myticusin-beta, antimicrobial
peptide from the marine bivalve, Mytilus coruscus. Fish Shellfish Immunol. 2020, 99, 342-352. [CrossRef]

Hu, X; Yang, X.; Wang, T,; Li, L.; Wu, Y.; Zhou, Y.; You, L. Purification and identification of antioxidant peptides from round scad
(Decapterus maruadsi) hydrolysates by consecutive chromatography and electrospray ionization-mass spectrometry. Food Chem.
Toxicol. 2020, 135, 110882. [CrossRef]

Arumugam, V.; Venkatesan, M.; Ramachandran, S.; Sundaresan, U. Bioactive peptides from marine ascidians and future drug
development—A review. Int. |. Pept. Res. Ther. 2018, 24, 13-18. [CrossRef]

Coskun, O. Separation techniques: Chromatography. North. Clin. Istanb. 2016, 3, 156. [PubMed]

Wang, K.; Siddanakoppalu, PN.; Ahmed, I; Pavase, T.R.; Lin, H.; Li, Z. Purification and identification of anti-allergic peptide
from Atlantic Salmon (Salmo salar) byproduct enzymatic hydrolysates. J. Funct. Foods 2020, 72, 104084. [CrossRef]

Abuine, R.; Rathnayake, A.U.; Byun, H.-G. Biological activity of peptides purified from fish skin hydrolysates. Fish. Aquat. Sci.
2019, 22, 10. [CrossRef]


https://doi.org/10.1016/j.lwt.2022.113955
https://doi.org/10.1016/j.jpba.2017.09.018
https://www.ncbi.nlm.nih.gov/pubmed/28987995
https://doi.org/10.1111/gbi.12202
https://doi.org/10.1021/jf401545z
https://doi.org/10.3390/molecules23082065
https://doi.org/10.1371/journal.pone.0211693
https://doi.org/10.1016/j.foodchem.2006.05.009
https://doi.org/10.1016/j.lwt.2014.10.039
https://doi.org/10.1016/j.scp.2024.101586
https://doi.org/10.1016/j.jff.2013.05.001
https://doi.org/10.1002/btpr.1769
https://doi.org/10.1016/j.foodres.2021.110468
https://doi.org/10.1021/jf502420h
https://doi.org/10.1111/jfpp.14105
https://doi.org/10.1007/s00217-015-2576-x
https://doi.org/10.1016/j.tifs.2016.10.026
https://doi.org/10.1016/j.tifs.2019.04.002
https://doi.org/10.1016/j.btre.2016.08.003
https://www.ncbi.nlm.nih.gov/pubmed/28352546
https://doi.org/10.1016/j.fbio.2020.100657
https://doi.org/10.1016/j.jff.2010.01.003
https://doi.org/10.1007/s10811-022-02732-z
https://doi.org/10.1002/jsfa.7815
https://doi.org/10.1016/j.fsi.2020.02.020
https://doi.org/10.1016/j.fct.2019.110882
https://doi.org/10.1007/s10989-017-9662-9
https://www.ncbi.nlm.nih.gov/pubmed/28058406
https://doi.org/10.1016/j.jff.2020.104084
https://doi.org/10.1186/s41240-019-0125-4

Processes 2024, 12, 2608 26 of 27

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Jo, C,; Khan, EE,; Khan, M.I.; Igbal, J. Marine bioactive peptides: Types, structures, and physiological functions. Food Rev. Int.
2017, 33, 44-61. [CrossRef]

Uhlig, T.; Kyprianou, T.; Martinelli, EG.; Oppici, C.A.; Heiligers, D.; Hills, D.; Calvo, X.R.; Verhaert, P. The emergence of peptides
in the pharmaceutical business: From exploration to exploitation. EuPA Open Proteom. 2014, 4, 58-69. [CrossRef]

Lu, J.; Ren, D.-F; Xue, Y.-L.; Sawano, Y.; Miyakawa, T.; Tanokura, M. Isolation of an antihypertensive peptide from alcalase digest
of Spirulina platensis. |. Agric. Food Chem. 2010, 58, 7166-7171. [CrossRef]

Kim, N.-H.; Jung, S.-H.; Kim, J.; Kim, S.-H.; Ahn, H.-].; Song, K.B. Purification of an iron-chelating peptide from spirulina protein
hydrolysates. |. Korean Soc. Appl. Biol. Chem. 2014, 57, 91-95. [CrossRef]

Lafarga, T.; Alvarez, C.; Hayes, M. Bioactive peptides derived from bovine and porcine co-products: A review. ]. Food Biochem.
2017, 41, e12418. [CrossRef]

Anekthanakul, K.; Senachak, J.; Hongsthong, A.; Charoonratana, T.; Ruengjitchatchawalya, M. Natural ACE inhibitory peptides
discovery from Spirulina (Arthrospira platensis) strain C1. Peptides 2019, 118, 170107. [CrossRef]

Pan, H.; She, X.; Wu, H.; Ma, J; Ren, D.; Lu, J. Long-term regulation of the local renin—angiotensin system in the myocardium of
spontaneously hypertensive rats by feeding bioactive peptides derived from Spirulina platensis. |. Agric. Food Chem. 2015, 63,
7765-7774. [CrossRef]

Miczke, A.; Szuliniska, M.; Hansdorfer-Korzon, R.; Kregielska-Narozna, M.; Suliburska, J.; Walkowiak, J.; Bogdanski, P. Effects of
spirulina consumption on body weight, blood pressure, and endothelial function in overweight hypertensive Caucasians: A
doubleblind, placebo-controlled, randomized trial. Eur. Rev. Med. Pharmacol. Sci. 2016, 20, 150-156. [PubMed]

Lee, E.H,; Park, J.-E.; Choi, Y.-J.; Huh, K.-B.; Kim, W.-Y. A randomized study to establish the effects of spirulina in type 2 diabetes
mellitus patients. Nutr. Res. Pract. 2008, 2, 295-300. [CrossRef]

EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific Opinion on the substantiation of health claims related
to various food (s)/food constituent (s) claiming maintenance of normal blood glucose concentrations (ID 1987, 2091, 2135, 2179,
2335, 2461, 2642, 3145, 3230, 3244, 3258, 3291, 3345, 3375, 3408, 3438, 3457, 3471, 3528, 3534, 3540, 3554, 3557, 3583, 3625, 3628, 3730,
3782, 3851, 3971, 4034, 4043) pursuant to Article 13 (1) of Regulation (EC) No 1924/2006. EFSA ]. 2010, 8, 1490. [CrossRef]

Li, Y.; Aiello, G.; Fassi, EM.A.; Boschin, G.; Bartolomei, M.; Bollati, C.; Roda, G.; Arnoldi, A.; Grazioso, G.; Lammi, C. Investigation
of Chlorella pyrenoidosa protein as a source of novel angiotensin I-converting enzyme (ACE) and dipeptidyl peptidase-IV (DPP-1V)
inhibitory peptides. Nutrients 2021, 13, 1624. [CrossRef]

Sun, S.; Xu, X.; Sun, X.; Zhang, X.; Chen, X.; Xu, N. Preparation and identification of ACE inhibitory peptides from the marine
macroalga Ulva intestinalis. Mar. Drugs 2019, 17, 179. [CrossRef]

Wang, J.; Ye, X,; Su, Z.; Zou, P.,; Pang, J.; Chen, J.-C. ACE-inhibitory peptides from Laminaria japonica and their potential
anti-hypertensive mechanism. CyTA-]. Food 2021, 19, 333-340. [CrossRef]

Aiello, G.; Li, Y.; Boschin, G.; Bollati, C.; Arnoldi, A.; Lammi, C. Chemical and biological characterization of spirulina protein
hydrolysates: Focus on ACE and DPP-IV activities modulation. J. Funct. Foods 2019, 63, 103592. [CrossRef]

Saiga, A.; Iwai, K.; Hayakawa, T.; Takahata, Y.; Kitamura, S.; Nishimura, T.; Morimatsu, F. Angiotensin I-converting enzyme-
inhibitory peptides obtained from chicken collagen hydrolysate. J. Agric. Food Chem. 2008, 56, 9586-9591. [CrossRef]

He, Y.Y; Li, T.T,; Chen, ].X,; She, X.X.; Ren, D.F; Lu, J. Transport of ACE inhibitory peptides Ile-Gln-Pro and Val-Glu-Pro derived
from Spirulina platensis across Caco-2 monolayers. J. Food Sci. 2018, 83, 2586-2592. [CrossRef]

Fan, X.; Cui, Y.; Zhang, R.; Zhang, X. Purification and identification of anti-obesity peptides derived from Spirulina platensis.
J. Funct. Foods 2018, 47, 350-360. [CrossRef]

Zhang, N.; Li, E; Zhang, T.; Li, C.-Y.; Zhu, L.; Yan, S. Isolation, identification, and molecular docking analysis of novel ACE
inhibitory peptides from Spirulina platensis. Eur. Food Res. Technol. 2022, 248, 1107-1115. [CrossRef]

Suetsuna, K.; Chen, J.-R. Identification of antihypertensive peptides from peptic digest of two microalgae, Chlorella vulgaris and
Spirulina platensis. Mar. Biotechnol. 2001, 3, 305-309. [CrossRef] [PubMed]

Sannasimuthu, A.; Kumaresan, V.; Anilkumar, S.; Pasupuleti, M.; Ganesh, M.-R.; Mala, K,; Paray, B.A.; Al-Sadoon, M.K.; Albeshr,
M.E; Arockiaraj, ]. Design and characterization of a novel Arthrospira platensis glutathione oxido-reductase-derived antioxidant
peptide GM15 and its potent anti-cancer activity via caspase-9 mediated apoptosis in oral cancer cells. Free Radic. Biol. Med. 2019,
135, 198-209. [CrossRef] [PubMed]

Zeng, Q.H.; Wang, ].].; Zhang, Y.H.; Song, Y.Q.; Liang, ].L.; Zhang, X.W. Recovery and identification bioactive peptides from
protein isolate of Spirulina platensis and their in vitro effectiveness against oxidative stress-induced erythrocyte hemolysis. J. Sci.
Food Agric. 2020, 100, 3776-3782. [CrossRef] [PubMed]

Zeng, Q.; Fan, X.; Zheng, Q.; Wang, J.; Zhang, X. Anti-oxidant, hemolysis inhibition, and collagen-stimulating activities of a new
hexapeptide derived from Arthrospira (Spirulina) platensis. J. Appl. Phycol. 2018, 30, 1655-1665. [CrossRef]

Moradi, F.; Hadavi, M.; Aghamaali, M.R.; Fallah, S.F. Beneficial effects of bioactive peptides extracted from Spirulina platensis and
Gracilaria gracilis algae on bone regeneration/osteogenic differentiation of Mesenvhymal stem cells. Tissue Cell 2024, 89, 102430.
[CrossRef]

Wang, Z.; Zhang, X. Inhibitory effects of small molecular peptides from Spirulina (Arthrospira) platensis on cancer cell growth.
Food Funct. 2016, 7, 781-788. [CrossRef]

Zhao, B.; Cui, Y,; Fan, X;; Qi, P; Liu, C.; Zhou, X.; Zhang, X. Anti-obesity effects of Spirulina platensis protein hydrolysate by
modulating brain-liver axis in high-fat diet fed mice. PLoS ONE 2019, 14, e0218543. [CrossRef]


https://doi.org/10.1080/87559129.2015.1137311
https://doi.org/10.1016/j.euprot.2014.05.003
https://doi.org/10.1021/jf100193f
https://doi.org/10.1007/s13765-013-4211-5
https://doi.org/10.1111/jfbc.12418
https://doi.org/10.1016/j.peptides.2019.170107
https://doi.org/10.1021/acs.jafc.5b02801
https://www.ncbi.nlm.nih.gov/pubmed/26813468
https://doi.org/10.4162/nrp.2008.2.4.295
https://doi.org/10.2903/j.efsa.2010.1490
https://doi.org/10.3390/nu13051624
https://doi.org/10.3390/md17030179
https://doi.org/10.1080/19476337.2021.1900923
https://doi.org/10.1016/j.jff.2019.103592
https://doi.org/10.1021/jf072669w
https://doi.org/10.1111/1750-3841.14350
https://doi.org/10.1016/j.jff.2018.05.066
https://doi.org/10.1007/s00217-021-03949-x
https://doi.org/10.1007/s10126-001-0012-7
https://www.ncbi.nlm.nih.gov/pubmed/14961345
https://doi.org/10.1016/j.freeradbiomed.2019.03.006
https://www.ncbi.nlm.nih.gov/pubmed/30862544
https://doi.org/10.1002/jsfa.10408
https://www.ncbi.nlm.nih.gov/pubmed/32248525
https://doi.org/10.1007/s10811-017-1378-x
https://doi.org/10.1016/j.tice.2024.102430
https://doi.org/10.1039/C5FO01186H
https://doi.org/10.1371/journal.pone.0218543

Processes 2024, 12, 2608 27 of 27

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Carrizzo, A.; Conte, G.M.; Sommella, E.; Damato, A.; Ambrosio, M.; Sala, M.; Scala, M.C.; Aquino, R.P; De Lucia, M.; Madonna,
M. Novel potent decameric peptide of Spirulina platensis reduces blood pressure levels through a PI3K/AKT/eNOS-dependent
mechanism. Hypertension 2019, 73, 449-457. [CrossRef]

Zaky, A.A,; Paterson, S.; Gomez-Cortés, P.; Hernandez-Ledesma, B. Bioactive peptides released from microalgae during gastroin-
testinal digestion. In Protein Digestion-Derived Peptides; Elsevier: Amsterdam, The Netherlands, 2024; pp. 335-352.

Echave, J.; Otero, P.; Garcia-Oliveira, P.; Munekata, P.E.; Pateiro, M.; Lorenzo, J.M.; Simal-Gandara, J.; Prieto, M.A. Seaweed-
derived proteins and peptides: Promising marine bioactives. Antioxidants 2022, 11, 176. [CrossRef]

UZzlasir, T.; Selli, S.; Kelebek, H. Effect of salt stress on the phenolic compounds, antioxidant capacity, microbial load, and in vitro
bioaccessibility of two microalgae species (Phaeodactylum tricornutum and Spirulina platensis). Foods 2023, 12, 3185. [CrossRef]
[PubMed]

Zhang, X.; Cao, D.; Sun, X.; Sun, S.; Xu, N. Preparation and identification of antioxidant peptides from protein hydrolysate of
marine alga Gracilariopsis lemaneiformis. |. Appl. Phycol. 2019, 31, 2585-2596. [CrossRef]

Cian, R.E;; Nardo, A.E.; Garzén, A.G.; Afion, M.C.; Drago, S.R. Identification and in silico study of a novel dipeptidyl peptidase
IV inhibitory peptide derived from green seaweed Ulva spp. hydrolysates. LWT 2022, 154, 112738. [CrossRef]

Rivero-Pino, F.; Espejo-Carpio, EJ.; Guadix, E.M. Production and identification of dipeptidyl peptidase IV (DPP-1V) inhibitory
peptides from discarded Sardine pilchardus protein. Food Chem. 2020, 328, 127096. [CrossRef]

Daliri, E.B.-M.; Lee, B.H.; Oh, D.H. Current trends and perspectives of bioactive peptides. Crit. Rev. Food Sci. Nutr. 2018, 58,
2273-2284. [CrossRef]

Nasab, S.B.; Homaei, A.; Pletschke, B.1.; Salinas-Salazar, C.; Castillo-Zacarias, C.; Parra-Saldivar, R. Marine resources effective in
controlling and treating diabetes and its associated complications. Process Biochem. 2020, 92, 313-342. [CrossRef]

Kehinde, B.A.; Sharma, P. Recently isolated antidiabetic hydrolysates and peptides from multiple food sources: A review. Crit.
Rev. Food Sci. Nutr. 2020, 60, 322-340. [CrossRef]

Sadek, K.M.; Lebda, M. A ; Nasr, S.M.; Shoukry, M. Spirulina platensis prevents hyperglycemia in rats by modulating gluconeo-
genesis and apoptosis via modification of oxidative stress and MAPK-pathways. Biomed. Pharmacother. 2017, 92, 1085-1094.
[CrossRef]

Aissaoui, O.; Amiali, M.; Bouzid, N.; Belkacemi, K.; Bitam, A. Effect of Spirulina platensis ingestion on the abnormal biochemical
and oxidative stress parameters in the pancreas and liver of alloxan-induced diabetic rats. Pharm. Biol. 2017, 55, 1304-1312.
[CrossRef]

Leong, Y.K.; Chang, ].-S. Proteins and bioactive peptides from algae: Insights into antioxidant, anti-hypertensive, anti-diabetic
and anti-cancer activities. Trends Food Sci. Technol. 2024, 145, 104352. [CrossRef]

Kumar, V.; Sharma, K.; Ahmed, B.; Al-Abbasi, F.; Anwar, F; Verma, A. Deconvoluting the dual hypoglycemic effect of wedelo-
lactone isolated from Wedelia calendulacea: Investigation via experimental validation and molecular docking. RSC Adv. 2018, §,
18180-18196. [CrossRef] [PubMed]

Prabakaran, G.; Sampathkumar, P.; Kavisri, M.; Moovendhan, M. Extraction and characterization of phycocyanin from Spirulina
platensis and evaluation of its anticancer, antidiabetic and antiinflammatory effect. Int. J. Biol. Macromol. 2020, 153, 256-263.
[CrossRef] [PubMed]

Lin, X,; Dong, L.; Yan, Q.; Dong, Y.; Wang, L.; Wang, F. Preparation and characterization of an anticancer peptide from oriental
tonic food Enteromorpha prolifera. Foods 2022, 11, 3507. [CrossRef] [PubMed]

Chauhan, V.; Kanwar, S.S. Bioactive peptides: Synthesis, functions and biotechnological applications. In Biotechnological Production
of Bioactive Compounds; Elsevier: Amsterdam, The Netherlands, 2020; pp. 107-137.

Barbosa, E; Pinto, E.; Kijjoa, A.; Pinto, M.; Sousa, E. Targeting antimicrobial drug resistance with marine natural products. Int. J.
Antimicrob. Agents 2020, 56, 106005. [CrossRef]

Kumar, D.; Chatli, M.K,; Singh, R.; Mehta, N.; Kumar, P. Antioxidant and antimicrobial activity of camel milk casein hydrolysates
and its fractions. Small Rumin. Res. 2016, 139, 20-25. [CrossRef]

Liu, L.; Wang, Y.; Peng, C.; Wang, ]J. Optimization of the preparation of fish protein anti-obesity hydrolysates using response
surface methodology. Int. ]. Mol. Sci. 2013, 14, 3124-3139. [CrossRef]

Hamedifard, Z.; Milajerdi, A.; Reiner, Z.; Taghizadeh, M.; Kolahdooz, F.; Asemi, Z. The effects of spirulina on glycemic control
and serum lipoproteins in patients with metabolic syndrome and related disorders: A systematic review and meta-analysis of
randomized controlled trials. Phytother. Res. 2019, 33, 2609-2621. [CrossRef]

Zhang, F; Man, Y.B.; Mo, W.Y,; Wong, M.H. Application of Spirulina in aquaculture: A review on wastewater treatment and fish
growth. Rev. Aquac. 2020, 12, 582-599. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1161/HYPERTENSIONAHA.118.11801
https://doi.org/10.3390/antiox11010176
https://doi.org/10.3390/foods12173185
https://www.ncbi.nlm.nih.gov/pubmed/37685119
https://doi.org/10.1007/s10811-019-1746-9
https://doi.org/10.1016/j.lwt.2021.112738
https://doi.org/10.1016/j.foodchem.2020.127096
https://doi.org/10.1080/10408398.2017.1319795
https://doi.org/10.1016/j.procbio.2020.01.024
https://doi.org/10.1080/10408398.2018.1528206
https://doi.org/10.1016/j.biopha.2017.06.023
https://doi.org/10.1080/13880209.2017.1300820
https://doi.org/10.1016/j.tifs.2024.104352
https://doi.org/10.1039/C7RA12568B
https://www.ncbi.nlm.nih.gov/pubmed/35542112
https://doi.org/10.1016/j.ijbiomac.2020.03.009
https://www.ncbi.nlm.nih.gov/pubmed/32142842
https://doi.org/10.3390/foods11213507
https://www.ncbi.nlm.nih.gov/pubmed/36360120
https://doi.org/10.1016/j.ijantimicag.2020.106005
https://doi.org/10.1016/j.smallrumres.2016.05.002
https://doi.org/10.3390/ijms14023124
https://doi.org/10.1002/ptr.6441
https://doi.org/10.1111/raq.12341

	Introduction 
	Nutritional Composition of A. platensis 
	Macronutrient Composition 
	Protein and Amino Acid Composition 
	Lipids and Carbohydrates 

	Micronutrients 

	Production of Bioactive Peptides/Process and Screening of Bioactive Peptides 
	Enzyme Hydrolysis 
	Membrane Filtration 
	Chromatographic Techniques 

	Health-Promoting Effect of A. platensis-Derived Peptides 
	Antihypertensive Activity 
	Antioxidant Peptides 
	Anti-Diabetic Peptides 
	Anti-Cancer Peptides 
	Anti-Microbial and Antifungal Peptides 
	Anti-Obesity 

	Conclusions 
	References

