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ANGIOTENSIN-I-CONVERTING ENZYME INHIBITORY AND ANTIOXIDANT ACTIVITY OF 

TRYPTIC SPIRULINA PLATENSIS PROTEIN HYDROLYSATES: EFFECT OF HYDROLYSIS 

AND IN VITRO GASTROINTESTINAL DIGESTION 

 

 ABSTRACT 

In this study, protein hydrolysates derived from Spirulina 

platensis protein (SPPHs) using trypsin were investigated in terms of 

angiotensin I-converting enzyme (ACE) inhibitory activity, antioxidant 

activity and total phenolic content (TPC) and subjected to an in vitro 

digestion model using human gastric and duodenal fluids. Moreover, the 

effects of hydrolysis time and enzyme/substrate (E/S) ratio on the 

degree of hydrolysis (DH) of the hydrolysates were determined. The 

maximum DH (%) was found as 25.03±0.89% with the combination of E/S 

ratio of 3:100, hydrolysis time of 8 hours (p<0.05). The highest ACE 

inhibitory activity value was observed as 21.79±1.52% for initial 

SPPHs, prepared within the hydrolysis conditions of E/S ratio of 3:100 

and hydrolysis time of 8 h. In general, the increase in E/S ratio and 

hydrolysis time resulted in an increase in the DH and in an improved 

ACE inhibitory activity of both initial and the GI digested samples 

(p<0.05). After digestion by pepsin, TPC of the digests was in the 

range of 28.87±0.32 and 40.28±1.05mg caffeic acid equivalent/g dry 

weight. However, further digestion by pancreatin led TPC of the final 

GI digest between 19.85±1.24 and 29.00±1.00mg caffeic acid 

equivalent/g dry weight. Moreover, the antioxidant activity of further 

digested SPPHs by gastric and intestinal proteases remained generally 

stable after in vitro treatment. 

 Keywords: Angiotensin I-converting Enzyme, Antioxidant Activity, 

                Bioaccessibility, Enzymatic Hydrolysis, 

                Spirulina platensis 

 

 1. INTRODUCTION 

 Spirulina platensis, a blue-green microalgae belonging family 

Oscillatoriaceae, is a rich source of nutraceuticals with high levels 

of amino acids, polyunsaturated fatty acids, polysaccharides, 

phytochemicals and vitamin contents [1 and 3]. Spirulina has been 

declared as ―the best for tomorrow, by the United Nations World Health 

Organisation in 1996 and it is the only blue green algae that is 

commercially cultivated for food use today [4]. Among other microalgae 

species, Spirulina platensis is gaining increasing attention mainly 

due to its remarkable protein concentration of 60-70% protein (dry 

weight), being higher than any other natural food as well as providing 

18 amino acids including all essential ones [5 and 7]. Protein 
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hydrolysates are important sources of multifunctional bioactive 

peptides that are released in vitro or in vivo from animal or plant 

proteins and could be utilized in food formulations for health 

promoting purposes and/or to enhance the shelf life of foods [8 and 

9]. Beyond nutrition, these hydrolysates have additional physiological 

functions in humans such as antioxidative, antihypertansive, 

antimicrobial, cholesterol-lowering, immunomodulatory and opioid 

properties [10 and 13]. Enzymatic hydrolysis enables the release of 

these peptides which are inactive within the sequence of parent 

protein [14 and 15]. It has been suggested that non-protein compounds 

such as phenolics and pigments need to be taken into account when 

evaluating the antioxidant activities of some protein hydrolysates 

like rapeseed [16]. S. platensis contains phycobiliproteins as light-

harvesting protein–pigment complexes [17]. Although the phenolic 

content and antioxidant capacity of S. platensis has been well 

described in previous studies, there is no study present regarding 

with the phenolic content of protein hydrolysates. Several studies 

have been reported a number of peptides having antioxidative [18], 

antibacterial [19] antihypertansive [20 and 22], antitumor [23], 

antiproliferative [24] and iron chelating [25] activities derived from 

S. platensis using proteases such as alcalase, pepsin, papain, 

trypsin, protamex, protease K etc. Since proteases exhibit varying 

specifities for the polypeptide chains, different enzymes hydrolyse 

proteins into different degrees and thereby yield diverse 

functionalities [26]. The hydrolysis of protein is calculated in terms 

of degree of hydrolysis (DH) [27]. Degree of hydrolysis effects on the 

size and the amino acid composition of the peptide chains. Moreover, 

the biological activity of protein hydrolysates is dependent on DH 

[11]. 

 

 2. RESEARCH SIGNIFICANCE 

Antioxidative and antihypertensive activities have previously 

been found in S. platensis protein hydrolysates that were produced by 

commercial enzyme preparations such as Alcalase, Papain, Flavourzyme, 

Pepsin, Protamex, and Protease K [18, 20 and 21]. Trypsin is a serine 

protease that hydrolyzes peptide chains at the carboxyl side of 

arginine and lysine residues [28]. In the literature, antioxidative 

and angiotensin I-converting enzyme (ACE) inhibitory peptides have 

been identified in tryptic hydrolysates from Nile tilapia skin [29], 

sea cucumber [30] and whey [31]. Peptides having antiproliferative 

[24], antitumor [23], anti-atherosclerotic [32] and antibacterial [19] 

activities have been identified from Spirulina species subjected to 

trypsin hydrolysis. In the present work, the effects of hydrolysis 

time (4, 6 and 8 hours) and enzyme to substrate ratio (1:100, 2:100 

and 3:100) on the degree of hydrolysis and total phenolic content, 

antioxidative and ACE-inhibitory activities were determined in tryptic 

S. platensis protein hydrolysates (SPPHs). Moreover, an in vitro 

digestion model was used to simulate the human gastrointestinal (GI) 

digestion system in order to investigate the degradation and the 

performance of protein hydrolysates in the digestive tract. The 

digests were also assessed for their phenolic contents, antioxidant 

and ACE inhibitory activities. 

 

 3. EXPERIMENTAL METHOD  

S. platensis powder (SPP) was obtained from a local manufacturer 

in Turkey (Akuatik Fisheries and Cosmetics Products Ltd., Adana, 

Turkey). All chemicals were purchased from Sigma-Aldrich Chemie GmbH 

(Steinheim, Germany). 
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 S. platensis protein concentrate (SPPC) was extracted by 

modifications of Benelhadj and coworkers’s method [6] while tryptic S. 

platensis protein hydrolysates (SPPH) was prepared using the 

hydrolysis method described by Ahn et al. [12] In vitro 

gastrointestinal digestion was simulated according to a previously 

published method by Swieca et al. (2013) [65]. The degree of 

hydrolysis (DH) of SPPH was determined based on the method described 

by Jadhav et al. (2013). The DH was calculated using the following 

equation: 

    (
                                      

                            
)                                (1) 

Total phenolic content (TPC) of the protein concentrates was 

determined by the Folin-Ciocalteu method according to Ling (2014) and 

results were expressed as milligram caffeic acid equivalent per g dry 

weight [33]. Total antioxidant activity was determined by Cupric ion 

reducing antioxidant capacity (CUPRAC) [42] and Ferric ion reducing 

antioxidant power (FRAP) (Benzie and Strain, 1996) assays. Results 

were expressed as milligram Trolox equivalent per g dry weight. ACE 

inhibitory activity was measured spectrophotometrically according to 

the method of Ahn et al. (2012) using equation (2) [12]. The assay 

mixture without protein hydrolysate was used as control. A 100% 

inhibitory activity would indicate complete inhibition of the enzyme 

and no increase in the absorbance. Statistical analysis was performed 

to data using a statistical package (Minitab, Version 17, Minitab 

Inc., State College, PA). The differences between mean values were 

compared using Tukey test. 

               ( )  
                

        
                                     (2) 

 

 4. FINDINGS AND DISCUSSIONS  

 4.1. Changes in the DH 

The effects of hydrolysis time and E/S ratio on the DH% of the 

hydrolysates were shown Table 1. Moreover, we evaluated the 

progression of DH after each simulated digestion step for the tryptic 

hydrolysates. The initial DH of SPPHs varied between 18.57% and 

25.03%. The maximum DH was found as 25.03±0.89% with the combination 

of E/S ratio of 3:100, hydrolysis time of 8h, while the minimum DH (%) 

was obtained 12.78±0.09% for the hydrolysate with E/S ratio of 3:100, 

hydrolysis time of 4h (Table 1). Obvious changes in initial DH% were 

observed depending on the hydrolysis time and E/S ratio (p<0.05). 

Trypsin is an endopeptidase that cleaves peptide bonds at the C-

terminal side of lysine and arginine [34]. In accordance with our 

study, the DH% increased with increasing hydrolysis time in the study 

of Ovissipour et al. (2009). According to Margot et al. (1997), the 

proportional relation between DH and E/S ratio was reported in tryptic 

whey protein hydrolysates [35]. Additionally, in the hydrolysis of 

Pisane and Propulse isolates by trypsin, higher DH values were found 

at ascending E/S ratios [36]. 
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Table 1. The effect of hydrolysis time and E/S ratio on the degree of 

hydrolysis (%) of SPPHs during enzymatic hydrolysis with trypsin 

E/S Ratio 
Hydrolysis Time, Hours 

4 6 8 

1/100 18.69±0.11 bA 18.57±0.89 bB 23.91±0.89 aA 

2/100 18.80±0.44 bA 19.91±0.67 bB 24.69±0.33 aA 

3/100 16.24±0.11 aB 24.47±0.44 aA 25.03±0.89 aA 

Means with the different letter within a column (a, b, c,..) and 

a row (A, B,..) are significantly different (ANOVA, Tukey test, p<0.05) 

 

After pepsin digestion in the gastric phase, the DH of the 

digests ranged from 21.39±0.62 to 29.22±1.48 (p<0.05). On the other 

hand, the DH of pancreatic digests became 30.73±3.41-43.12±0.18 after 

intestinal digestion (p<0.05) (Graph 1). Pancreatin enzyme contains 

enzymatic components including trypsin, amylase, lipase, ribonuclease, 

and protease. Pancreatin has been reported to be responsible for 

further degradation of the peptides to low-molecular weight peptides, 

oligopeptides and possible amino acids [37]. In our study, pepsin 

enzyme caused the relatively low degree of hydrolysis in comparison to 

trypsin and pancreatin enzymes. Bamdad et al. (2011) observed that the 

efficient hydrolysis flavourzyme and alcalase demonstrates their 

higher proteolytic activity than pepsin towards hordein. The 

relatively low degree of hydrolysis of pepsin hydrolysates has been 

attributed to pepsin’s inability to hydrolyze the proline peptide bond 

efficiently [38 and 40]. 

 

Graph 1. Changes in the degree of hydrolysis (%) of the SPPH before 

and after in vitro digestion 
Abbreviations 

1:100/4h: Enzyme/substrate ratio of 1:100, hydrolysis time of 4 h 

2:100/4h: Enzyme/substrate ratio of 2:100, hydrolysis time of 4 h 

3:100/4h: Enzyme/substrate ratio of 3:100, hydrolysis time of 4 h 

1:100/6h: Enzyme/substrate ratio of 1:100, hydrolysis time of 6 h 

2:100/6h: Enzyme/substrate ratio of 2:100, hydrolysis time of 6 h 

3:100/6h: Enzyme/substrate ratio of 3:100, hydrolysis time of 6 h 

1:100/8h: Enzyme/substrate ratio of 1:100, hydrolysis time of 8 h 

2:100/8h: Enzyme/substrate ratio of 2:100, hydrolysis time of 8 h 

3:100/8h: Enzyme/substrate ratio of 3:100, hydrolysis time of 8 h 
Means with the different letter within a column (a, b, c,..) are significantly 

different (ANOVA, Tukey test, p<0.05) 

 

 4.2. Changes in the Antioxidant Activity 

 Phenolic compounds have been related directly and indirectly 

with antiradical activity [41]. Castel et al. (2014) reported higher 

antioxidant activity together with higher phenolic content for 

amaranth protein concentrates. A significant TPC ranged from 
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23.97±2.56 to 41.11±2.71 mg caffeic acid equivalent (CAE)/g dry weight 

(dw) was observed for the tryptic protein hydrolysates, as shown in 

Table 2. The effects of hydrolysis time and enzyme to substrate ratio 

were found significant on TPC (p<0.05). The increasing effect of time 

on TPC can be explained by revelation of phenolic compounds during 

enzymatic hydrolysis. 

 

Table 2. Total phenolic content (mg CAE/g dw) and antioxidant activity 

(mg TE/g dw) before and after GI digestion for SPPH 

Sample Initial Stomach Intestine 

Total phenolic content (mg CAE/g dw) 

1:100, 4 h 34.52±2.35 aABCD 27.34±0.03 abC 21.54±0.46 bBC 

2:100, 4 h 35.57±3.02 aABC 31.09±0.39 abBC 23.75±0.97 bABC 

3:100, 4 h 31.18±0.94 bBCD 36.28±0.34 aAB 26.20±0.82 cAB 

1:100, 6 h 30.18±0.48 bCD 40.28±1.05 aA 23.20±2.03 bABC 

2:100, 6 h 23.97±2.56 bD 36.69±0.58 aAB 26.15±0.68 bAB 

3:100, 6 h 29.14±1.63 aCD 28.87±0.32 aC 24.44±1.15 aABC 

1:100, 8 h 37.16±0.25 aABC 32.73±3.59 aBC 29.00±1.00 aBC 

2:100, 8 h 41.11±2.71 aAB 34.62±1.03 aABC 19.85±1.24 bC 

3:100, 8 h 43.71±0.22 aA 36.27±0.64 bAB 26.04±0.91 cAB 

Total antioxidant activity (mg TE/g dw) 

CUPRAC 

1:100, 4 h 6.33±1.54 aA 8.94±2.39 aA 10.53±0.60 aA 

2:100, 4 h 13.48±0.23 aA 8.64±0.25 aA 8.11±1.72 aA 

3:100, 4 h 12.94±0.46 aA 10.01±0.20 bA 7.61±0.01 cA 

1:100, 6 h 9.25±0.31 bA 10.53±0.89 abA 17.02±2.04 aA 

2:100, 6 h 7.10±1.38 bA 17.13±0.65 aA 11.18±0.41 bA 

3:100, 6 h 8.48±0.78 cA 16.23±1.95 bA 20.24±0.60 aA 

1:100, 8 h 13.71±0.15 aA 11.71±2.35 aA 14.12±2.81 aA 

2:100, 8 h 7.94±1.07 aA 11.41±1.02 aA 15.85±1.95 aA 

3:100, 8 h 8.16±1.09 cA 12.59±1.16 bA 17.71±1.68 aA 

FRAP 

1:100, 4 h 2.93±0.26 bA 5.20±1.93 aA 1.94±0.15 bA 

2:100, 4 h 4.91±1.65 aA 4.68±0.86 aA 2.16±0.14 aA 

3:100, 4 h 2.58±0.11 aA 2.67±0.04 aA 2.70±0.04 aA 

1:100, 6 h 2.90±0.34 aA 1.67±0.01 aA 4.51±1.23 aA 

2:100, 6 h 3.80±0.44 aA 4.36±0.08 aA 2.03±0.25 bA 

3:100, 6 h 3.14±0.15 bA 3.94±0.05 aA 2.26±0.05 cA 

1:100, 8 h 2.75±0.80 aA 3.77±0.19 aA 2.35±0.04 aA 

2:100, 8 h 3.01±0.11 abA 1.55±0.33 bA 4.98±0.53 aA 

3:100, 8 h 3.57±0.20 bA 3.36±0.15 cA 3.71±0.68 aA 

 

The data presented consist of average values ± standard 

deviation of three independent batches. Total phenolic content is 

expressed as mg of CAE per g of dw of sample, respectively. Different 

capital letters in the columns or small letters in the rows represent 

statistically significant differences (ANOVA, Tukey test, p<0.05). 
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CUPRAC assay give satisfactory results in determining the 

antioxidant status of food and biological fluids as being superior in 

regard to its realistic pH close to the physiological pH and 

applicability to lipophilic antioxidants as well as hydrophilic ones 

[42]. Protease treatments, especially trypsin have been reported to 

enhance the copper reducing capacity of whey [43]. On the other hand, 

FRAP assay has been reported to correlated well with ABTS radical 

scavenging assay results for protein hydrolysates derived from 

threadfin bream surimi wastes [44]. The cupric reducing antioxidant 

capacity of the tryptic SPPHs were ranged between 6.33±1.54 and 

13.71±0.15mg TE/g dw (Table 2). Among SPPHs, the antioxidant activity 

did not indicated a regular profile in both FRAP and CUPRAC assays, 

where the values showed alternating increases and decreases. During 

the enzymatic hydrolysis, peptides having antioxidant activities could 

be perpetually formed and degraded, based on their molecular structure 

which is primarily influenced by hydrolysis conditions [37]. This data 

agreed with the findings that the antioxidant activities of egg white 

protein hydrolysates 6 h of hydrolysis [45]. The DH is usually used as 

a parameter as an indicator of the proteolysis process of protein 

hydrolysates [46]. The DH% is associated with antioxidant activity for 

most protein hydrolysates [47]. In other words, higher DH% values may 

yield smaller or shorter peptide chains producing greater antioxidant 

activity. In the literature, a number of studies exist in which the 

antioxidant properties have been both positively or negatively 

correlated with DH of the hydrolysates. Increase of the relative 

antioxidant activities of SPPHs was independent from the degree of 

hydrolysis. Hwang and others (2010) also reported that increase of the 

relative antioxidant activities of peanut protein hydrolysates was not 

time dependent and the activity did not increase along with the degree 

of hydrolysis. 

After the simulated GI digestion, the antioxidant activity of 

SPPHs did not differ significantly from that of initial for some 

samples (p>0.05), whereas changes in antioxidant activity was 

significant for others (p<0.05), as can be seen in Table 2. The 

antioxidant activity of further digested SPPHs by gastric and 

intestinal proteases remained generally stable after in vitro 

treatment as shown Table 2, suggesting that peptides present in 

hydrolysates may be partially degraded into smaller peptides being 

effective hydrogen or electron donors. Small-sized peptides have also 

been reported to have a better chance of escaping digestion in GI 

tract and can be easily absorbed to attain the target organs [48]. 

Previous articles have also reported some hydrolysates that still 

presented their antioxidant activity after GI digestion derived from 

loach [49], flaxseed [50], casein [51], and hake by-products [52]. The 

antioxidant activity is defined as a synergistic effect that arisen 

from an amino acid with antioxidant potential and their position in 

the peptide sequence [53]. It is appropriate to note that pepsin and 

pancreatin digestion favor the release of peptides having 

bioactivities and phenolics linked to proteins as well [54]. After 

digestion by pepsin, TPC of the digests was in the range of 

28.87±0.32mg CAE/g dw and 40.28±1.05mg CAE/g dw. However, further 

digestion by pancreatin led TPC of the final GI digest between 

19.85±1.24mg CAE/g dw and 29.00±1.00mg CAE/g dw. Total phenolic 

content (mg CAE/g dw) before and after pepsin and pancreatin digestion 

of SPPHs are shown in Table 2. The decrease in TPC after GI may result 

from the interactions between peptides and phenolics since hydrolysis 

process has an effect on protein-polyphenol interactions [55]. 
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 4.3. Changes in the ACE Inhibitory Activity  

Different authors have obtained ACE-inhibiting peptides by 

hydrolysis of S. platensis proteins in vivo [56] and also in vitro 

[21, 57 and 58]. Pepsin has been shown to generate ACE inhibitory 

peptides from algae protein [49, 57 and 59]. Ko et al. (2012) observed 

that alcalase-proteolytic hydrolysate exhibited the highest ACE 

inhibitory activity among them. The SPPHs showed ACE-inhibiting 

ability in the range from 12.50±1.40% to 21.79±1.52%, as shown in 

Graphic 2. The comparison of our data with those obtained by other 

researchers is a complex issue, because the observed differences in 

the ACE-inhibitory activity may be arisen from a variety of reasons, 

such as the protein extraction procedure, as well as the differences 

in the peptide mixture composition, presence of impurities, related to 

changes in the parameters of the digestion process (enzyme, pH, time, 

temperature, substrate/enzyme ratio, etc.), or the different 

analytical method used for the determination of the ACE-inhibitory 

activity [60]. 

 

 

Graphic 2. Changes in ACE% inhibitory activity before and after GI 

digestion for each SPPHs prepared in different E/S ratio and 

hydrolysis time. Means with the different letter within a column (a, 

b, c,..) are significantly different (ANOVA, Tukey test, p<0.05) 

 

The increase of E/S ratio and hydrolysis time resulted in an 

increase in the DH and in an improved ACE inhibitory activity of both 

initial and the GI digested samples (p<0.05). The highest %ACE 

inhibitory activity value was 21.79±1.52% in initial SPPHs, prepared 

in hydrolysis conditions with E/S ratio of 3:100 and hydrolysis time 

of 8 h. An increase in enzyme concentration and/or hydrolysis time was 

shown to result in improved ACE inhibitory activity for fish protein 

hydrolysates [61]. In order to display an antihypertensive effect in 

vivo, the ACE inhibitory peptides are required to be resistant to 

gastrointestinal degradation and also to be absorbed into the 

bloodstream in their intact form [62 and 63]. Peptides can be degraded 

during digestion and their biological activity can be activated or 

inactivated [64]. According to the results, the effect of stomach 

digestion on the ACE inhibitory activity of SPPHs was insignificant as 

a general trend (p>0.05), as shown in Graphic 2. However, further 

digestion in the intestine brought the ACE inhibitory activity of the 

final GI digests to 24.85±1.01-33.60±2.40 (p<0.05), indicating that 

some peptides with stronger ACE inhibitory activities were produced 

during the simulated GI digestion. Previous studies have also reported 

that peptides derived from rapeseed [16], egg white lysozyme [62], and 

ham [64] still exhibited ACE inhibitory activity after GI digestion. 
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 5. CONCLUSION 

The degree of bioactivity generated in the SPPHs varied and was 

dependent on the hydrolysis time, enzyme to substrate ratio and type 

of protease. According to the results, the antioxidant and ACE 

inhibitory potency of SPPHs still showed relevant bioactivities after 

in vitro digestion by gastrointestinal proteases. It can be noted that 

the antioxidant and ACE inhibitory activity observed in SPPHs could be 

due to the sum of the activities of various peptides and phenolics 

present in Spirulina. Isolation of purified peptides and determination 

of amino acid sequence of peptides present in the hydrolysates 

having ACE inhibitory activity and antioxidant activity should be 

justified for future studies in order to elucidate possible structure-

activity correlations at amino acid level on potency of bioactivities. 
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