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Comparison of antioxidant activity 
in various spirulina containing 
products and factors affecting it
Agnese Stunda‑Zujeva 1, Megija Berele 1*, Anna Lece 2 & Andrejs Šķesters 2

Spirulina is a popular food supplement known for its high antioxidant activity. Several studies have 
shown that antioxidant activity fluctuates depending on the combination of ingredients in the 
food. Fresh spirulina is a growing market trend; however, pure spirulina short shelf life is a strong 
limitation. This study aims to investigate antioxidant activity of various novel commercial fresh 
spirulina‑containing products and the factors affecting it. Antioxidant activity and total phenolic 
content of each ingredient and binary combinations of spirulina and apple juices, Japanese quince 
syrup, or cranberry syrup were measured. Synergic, antagonistic, and additive interactions between 
samples were determined and expressed using the synergy coefficient. FRAP assay showed apparent 
synergism of spirulina and all the studied ingredients whereas ABTS and Folin–Ciocalteu methods 
revealed an antagonistic interaction between spirulina and apple juice. Despite the antagonistic 
interactions, all the products demonstrated at least the same antioxidant activity as pure fresh 
spirulina and had longer shelf life than, pointing to their commercial potential.

Free radicals are part of the normal metabolic process and are highly reactive. External sources like ozone, 
tobacco smoking, air pollutants, ionizing radiation, and industrial chemicals increase the production of free radi-
cals. Their overproduction might lead to an imbalance between and free radicals, which, in turn, can cause dam-
age to the biological  system1. Many diseases (e.g., cancer, arthritis, asthma, etc.) originate from uncontrolled free 
radical reactions. Antioxidants neutralize free radicals, preventing cell damage and reducing the risk of potential 
diseases. Hence, the intake of foods rich in antioxidants is essential for optimal health. Plant foods (including 
algae) are the primary source of  antioxidants2. Fast growth, high biomass productivity, and the ability to syn-
thesize complex metabolites with minimal resources are algae’s advantages over higher plants. One of the most 
studied microalgae is Arthrospira platensis (previously known as Spirulina platensis) due to its high nutritional 
value and promising health benefits such as antioxidant, immunomodulatory, and anti-inflammatory activities.

According to the classical definition, an antioxidant is “any substance that, when present at low concentrations 
compared with that of an oxidizable substrate, significantly delays or inhibits oxidation of that substrate”3. Natural 
antioxidants are divided into enzymatic and non-enzymatic  antioxidants4. Spirulina contains both groups of 
antioxidants. It has a high amount of SOD, GPx, CAT 5 as well as C, E, K, and group B vitamins. It also contains 
β-carotene, provitamin  A6, chlorophyll, and phycocyanin. In addition, it provides 18 amino acids, including all 
essential amino acids. It contains minerals such as K, Ca, Mg, Fe, Cu, Se, and  Zn7 that can also = exhibit anti-
oxidant properties. However, in clinical studies, the blue pigment biliprotein C-Phycocyanin is considered the 
main antioxidant in  spirulina8.

Due to the above-mentioned health benefits, spirulina is gaining increasing popularity. However, a significant 
disadvantage reported by spirulina consumers is the specific smell and taste of spirulina powder. Therefore, a big 
part of spirulina is sold as pills or capsules. Currently, a new trend is quickly gaining momentum fresh frozen 
spirulina and dried spirulina mixed into various products to increase their nutritional  value9. Pure fresh spirulina 
has a mild taste and higher nutritional  value10; however, it has short shelf life if not frozen or dried. Therefore, 
new methods should be developed to increase the shelf life and improve the organoleptic properties of spirulina. 
Dried spirulina has positive effect on nutritional value and shelf life of  yoghurt11,  cheese12,13 or  juice14.

On contrast, fruits and vegetables are common source of antioxidants and popular due to their familiar tastes. 
Fruits and vegetables contain a high concentration of flavonoids, one of the polyphenol groups. Berries contain 
diverse polyphenols that may exhibit additive, synergistic, or antagonistic interactions. These interactions may 
occur when different polyphenol-rich foods are ingested  simultaneously15.
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Japanese quince (Chaenomeles japonica) is an ornamental plant. Japanese quince fruits are rich in fibres and 
organic acids, mainly malic and citric  acids16. However, due to their characteristics, such as firmness and sour-
ness, they are not suitable for fresh consumption, so they are mainly used to produce juices, syrups, alcoholic 
and non-alcoholic beverages, etc.17. They contain antioxidants like B and C vitamins, epicatechin, iron, copper, 
zinc, kaempferol, quercetin, etc.18.

Bog cranberries (Vaccinium oxycoccos), also known as small cranberries, are harvested in the wild. Cranber-
ries are rich in polyphenols such as phenolic acids, anthocyanins, and flavonoids. They are one of the few fruits 
with high content of proanthocyanidins, which are linked to many health  benefits19. Bog cranberries contain 
antioxidants such as vitamins C, E, and K, copper, iron, malic acid, citric acid, quercetin, and  catechin19,20.

Apples are a good source of antioxidants. They have the highest proportion of free phenolics compared to 
other  fruits21. Some of the most studied antioxidants present in apples are catechin, quercetin, procyanidin, and 
coumaric  acid22. Apples also contain vitamins C, A, and B and minerals like iron, zinc, calcium, magnesium, 
and  copper21.

In food mixtures, the antioxidant potential is not always an additive value of all the antioxidants present in 
 them15. Cömert et al.23 studied binary combinations of 20 foods selected from different food categories—ber-
ries, vegetables, dairy products, etc.—reporting minor to significant synergy and antagonism between those. Shi 
et al.24 mentioned that the synergistic effect of antioxidants depends on the type of antioxidants. The antioxidant 
activity of a binary mixture depends on the applied method, mixture composition (chemical structure and con-
centration), used solvent, treatment of sample, and reaction  time25,26. Therefore, awareness of the synergy and 
antagonism of antioxidant capacities is crucial for developing new functional food recipes. Authors have not 
found studies on other ingredients effect on the shelf life an nutrition value of fresh spirulina. SIA SpirulinaNord 
products contains fresh spirulina and fruit syrups—both spirulina and fruits are valuable sources of antioxidants. 
So the aim of this study was to investigate the antioxidant activity in various commercially available fresh spir-
ulina and berry-containing products and explore factors affecting it.

Results
The effect of solvent. Three solvents were compared as extractants for fresh frozen spirulina: phosphate 
buffered saline (PBS), 1.5% calcium chloride  (CaCl2) aqueous solution, and ethanol. To comprehensively char-
acterize the antioxidant activity of natural substances in the prepared extracts, ferric reducing antioxidant power 
(FRAP) assay, (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) (ABTS) assay, and total phenolic content 
(TPC) were applied.

No significant differences (p > 0.05) were observed using different solvents for FRAP, while significantly dif-
ferent (p < 0.05) were the results for ABTS and TPC methods (Fig. 1). The highest results were obtained when 
(PBS) was used for ABTS method: 60% and 87% higher results were obtained comparing to ethanol extract and 
 CaCl2 solution respectively (Fig. 1B). On the contrary,  CaCl2 extract gave five times higher results in phenolic 
compounds’ content than the extracts in PBS and ethanol. (Fig. 1C).

Spirulina in apple juice. FRAP, ABTS, and TPC analyses were used to investigate the storage stability of 
apple juice, spirulina, and a mixture of both; in all cases, PBS solvent was used. After 7 days, there was a unsig-
nificant decrease of reducing power for spirulina in apple juice and pure apple juice, while after14 days, FRAP 
values decreased significantly: by 14% for the mixture and 11% for apple juice (Fig. 2A). Antiradical activity 
decreased significantly already after seven days: by 7% (for spirulina in apple juice) and 8% (for apple juice) 
and 14 days, it decreased by 19% for both (Fig. 2B). Also TPC changed significantly it increased for spirulina 
and apple juice mixture (by 19% at seven days by 35% at 14 days), while in pure apple juice, TPC decreased by 
10% and 28%, respectively (Fig. 2C). In addition, pure spirulina FRAP values decreased significantly for 38%, 
while ABTS value decreased only by 1% at seven days, but at 14 days to 59% and 36%, respectively (Fig. 2C). In 
contrast, TPC significantly increased by 26% after seven days and by 42% after 14 days. The mixture showed a 
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Figure 1.  Solvent impact on fresh frozen spirulina antioxidant system activity detected by (A) FRAP, (B) ABTS, 
(C) TPC. Results expressed as (A) mean value ± SD Fe(II) mM/g; (B) mean value ± SD mM TE/g; (C) mean 
value ± SD mg GAE/g. The different letters represent significant differences at p < 0.05.
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negative correlation: between TPC and FRAP values, the correlation was R =  − 0.98 but between TPC and ABTS 
values, R =  − 0.99.

The apple juice was twice as high as that of spirulina (Fig. 3A), while higher antiradical activity was observed 
for spirulina (Fig. 3B). TPC was seven times higher in juice than in spirulina (Fig. 3C). The synergy effect of the 
antioxidant capacity of the mixtures also was differed: reducing power had additive effect  (SCFRAP was 1.02), 
while antiradical activity and TPC had antagonistic effect  (SCABTS was 0.60,  SCTPC was 0.77).

Spirulina in syrups. The reducing power of Japanese quince syrup was 1.9 times higher than that of the 
cranberry syrup, while antioxidant activity was 2.9 times higher and TPC—2.5 times higher.

There was a synergy of reducing power for spirulina in both Japanese quince syrup (SC = 1.31) and cranberry 
syrup (SC = 1.14) (Fig. 4A). While additive interaction for the antiradical activity was observed in a mixture of 
spirulina and Japanese quince syrup (Fig. 4B) and antagonism was observed in a mixture of spirulina and cran-
berry syrup (SC = 0.66). Opposite effects were observed by TPC, mixture with quince syrup showed antagonism 
(SC = 0.74), but spirulina in cranberry syrup showed additivity (SC = 1) (Fig. 4C).

Discussion
The extraction of bioactive compounds is influenced by the  solvent27. Since antioxidants are different kinds of 
chemical compounds, their solubility in different solvents varies. Three solvents were compared in this study. As 
phycocyanin is the main antioxidant of spirulina, giving various health benefits, common solvents for phyco-
cyanin extraction were used: (1) an aqueous solution of phosphate-buffered saline (PBS); (2) calcium chloride 
 (CaCl2) and  ethanol28–31. Ethanol extracts of spirulina have higher total phenolic and flavonoid content and 
higher carotenoid and chlorophyll concentrations compared to aqueous  extracts32,33. Aqueous extracts have 
higher concentrations of phycocyanin, free amino acids, carbohydrates, and total protein than spirulina ethanol 
extracts. However, they have lower antioxidant activity in the ABTS  method34.

No significant difference between PBS,  CaCl2 aqueous solution, and ethanol extracts was found in FRAP assay 
(Fig. 1A). Although FRAP assay is widely used for spirulina characterization, it cannot detect protein antioxidant 
activities, according to the  literature35. Therefore, phycocyanin, a phycobiliprotein antioxidant activity, cannot be 
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Figure 2.  Reducing power (A), antioxidant activity (B) and polyphenol content (C) change with time of 
spirulina, apple juice, and a mixture of both at + 2… + 8 °C. The different letters for each product measurements 
represent significant differences at p < 0.05.
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Figure 3.  Reducing power (A), antioxidant activity (B) and polyphenol content (C) by portions (1st day). 7 g 
fresh spirulina, 14 g apple juice, and a mixture of both.
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demonstrated by FRAP but only the activity of the antioxidants that can reduce the  Fe3+ ion in acidic conditions, 
such as vitamins C and E and  polyphenols36.

The solvent significantly influenced the antiradical activity (ABTS method) of fresh frozen spirulina biomass 
(p = 0.01). Higher antiradical activities were obtained if more polar solvents (water-based extracts) were used 
(Fig. 1B). The other disadvantage of alcohol extracts is longer reaction  times37—more than 30 min were required. 
The reactions of the ABTS method can take place both through the hydrogen atom transfer mechanism (HAT) 
and the single electron transfer mechanism (SET); they occur in neutral pH media or close to it. All the antioxi-
dants that can scavenge the ABTS radical cation during the reaction are  involved38.

CaCl2 water solution showed several times higher total phenolic content than ethanol, which can be explained 
by the higher polarity of the extractant favourable for polyphenolic compound extraction. On the other hand, PBS 
showed lower TPC than  CaCl2 solution because of disturbing ions present in the PBS solution. Phycocyanin is 
insoluble in ethanol but soluble in  water39. Therefore, extracts in ethanol could be assumed as phycocyanin-free 
extracts and should show lower antioxidant activity (Fig. 1). PBS water solution showed similar results to etha-
nol extract for TPC content, as phycocyanin is not a phenolic compound and, thus, is not detected by the TPC 
method. Solvent significantly influenced TPC (p <  10−6). The difference between PBS and  CaCl2 water solution 
in ABTS could be due to the fact that a lower yield of phycocyanin is obtained with aqueous  CaCl2 than with 
PBS. Since  CaCl2 dissolves only sodium-calcium channels in spirulina cells. At the same time, PBS damages the 
whole  cell30,40. Therefore, it was decided to use PBS water solutions further in this study.

Similarly, significant differences between both solvents and methods were observed by other authors. Shukla 
et al.41 determined spirulina antioxidant activity with two assays—FRAP and ABTS. While FRAP values for water 
and ethanolic extracts were 0.09 and 0.25 mM TE/L, ABTS values were 1.33 and 1.73 mM TE/L. Safari et al.42 
studied phycocyanin antioxidant activity using PBS as a solvent. They determined that ferric reducing antioxidant 
power was only 0.05 mg TE/g, but DPPH showed more than 45% inhibition indicating phycocyanin as a potent 
radical scavenger. Factors such as stereoselectivity of the radicals, mechanism of action, and the solubility of the 
extract in different testing systems may also affect the capacity to scavenge different  radicals34.

Fresh spirulina has a high moisture content, and it is considered a perishable product. The decrease of spir-
ulina antioxidant activity (Fig. 2A) in seven days is not significant (p > 0.05), hence it could be used within seven 
days after it had been thawed. However, the organoleptic properties of the product were worsening—the specific 
aroma appeared. In contrast the shelf life of spirulina in apple juice is 3 months. The reducing power of spirulina 
and apple juice mixture within 14 days decreased by less than 15% (Fig. 2B). The synergic effect was not detected 
on the 0 day, while it appeared on the 7th and 14th days. Within 14 days, ABTS values dropped by less than 20%, 
and organoleptic properties (colour, taste, and aroma) did not practically change.

While reducing power and antioxidant activity decreased, the content of polyphenolic compounds in spirulina 
samples and spirulina with apple juice increased with increasing storage time. In contrast, polyphenols content 
of pure apple juice decreased during storage time (Fig. 2C). Figure 2C demonstrates that TPC and FRAP of apple 
juice had approximately 8 times higher than TPC of spirulina. While the FRAP value of apple juice was two times 
higher than spirulina, the ABTS value was 1.3 times lower than spirulina. This indicates that the antioxidant 
activity of apple juice is mainly due to the polyphenolic compounds. However, spirulina has a complicated com-
position that is relatively high in proteins; thus, it could be suggested that interaction between different classes of 
chemical compounds led to the formation of various degradation products and derivatives which reacted with 
Folin–Ciocalteu reagent, besides phenols. As a result, it showed higher TPC  value43. The increase in TPC and 
decrease in antioxidant activity led to a negative correlation.

Furthermore, the spirulina and apple juice mixture showed a negative correlation: between TPC and FRAP 
values, the correlation was R =  − 0.98 while between TPC and ABTS values, it was R =  − 0.99. A negative correla-
tion indicates that the antioxidant activity of spirulina and apple juice mixture during storage in a refrigerator 
does not depend only on phenolic content.
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Figure 4.  Reducing power (A), antioxidant activity (B) and polyphenol content (C) per portions of product 
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The synergy analysis of spirulina in apple juice showed an antagonistic effect for ABTS and TPC and only a 
slightly positive one for FRAP (Fig. 3). However, a positive commercial aspect is that spirulina in apple juice has 
at least the same antioxidant and antiradical properties as frozen spirulina while it can be stored in a refriger-
ated, not frozen state.

The synergy analysis of spirulina in cranberry or Japanese quince syrup showed both synergistic and antago-
nistic effects. As summarized in (Table 1), FRAP shows synergy (SC > 1) for all the products, while ABTS and 
TCP results showed antagonistic effects (SC < 1). Similar effects were found in other studies. The analysis of SC 
calculated data  in23 showed that when using water as a solvent, the ABTS results of mixtures can give up to 3 times 
lower or higher antioxidant activity than the sum of both ingredients. The highest synergy was observed for wine 
with black grapes, followed by milk with black tea. Black grapes, black tea, and espresso with fermented milk 
products currently dominate the synergy TOP list. As fruits and seeds contain phenols, milk protein reactions 
with phenols may be the reason of  antagonism44. Protein sources such as milk and beans create an antagonistic 
effect for berries. The only protein sources showing synergy with various berries were yoghurt and Adzuki beans.

Spirulina contains 60–70% protein of dry  weight7; therefore, in a mixture with fruits containing polyphenols, 
the antagonistic effect could be explained. The summary of synergy effects is shown in Table 1. Absolute units 
given in the study are converted to dimensionless synergy coefficient (SC).

FRAP assay showed the most positive antioxidant interactions, while ABTS demonstrated neutral or antago-
nistic effects. Comparing the obtained values (Table 1), spirulina and apple juice showed significant antagonism 
in antiradical activity for the ABTS method—SC was 0.60, while the most profound antagonism effect described 
 in23 was for milk with breakfast cereal  (SCABTS 0.35), chia seed (0.44) and flaxseed (0.55) (see Fig. 4). One of the 
pieces of evidence of antagonism may be an increase in polyphenolic compounds when samples are stored in a 
refrigerator (refer to Fig. 2), indicating that chemical and structural changes had occurred. These results indi-
cate that each method observes different aspects of the antioxidant system. Although, the mixture of products 
forms a new system of antioxidants, some of the substances had interacted, changing the overall antioxidant/
antiradical activity.

However, from a consumption perspective, all the supplements preserved or improved the antioxidant activ-
ity of the product compared to spirulina alone. Even in cases of antagonistic interaction, spirulina products had 
the same or higher antioxidant activity compared to that of fresh spirulina alone. The additive effect of reducing 
capacity showed that consuming spirulina alone will give 3 times less  Fe3+ ion-reducing antioxidants than if it 
is consumed in a mixture with apple juice.

The reducing power in a mixture with Japanese quince was 21 times higher than that of spirulina alone, but 
in cranberry syrup it was 12 times higher. For ABTS assay, spirulina in Japanese quince syrup showed an additive 
effect while in cranberry syrup—antagonistic effect. Both mixtures showed higher activity than spirulina alone 
(4 times in Japanese quince and 1.4 times in cranberry syrup). FRAP had a bigger difference between a binary 
mixture and pure spirulina than the ABTS assay. As previously mentioned, this happens because FRAP does not 
detect protein (phycocyanin) antioxidant activity.

Total phenolic content in a binary mixture with spirulina and Japanese quince syrup showed antagonistic 
interaction, but cranberry syrup showed an additive effect. Sugar may cause a reduction in the antioxidant activ-
ity of the polyphenols. Condensation reactions can occur between sugar molecules and polyphenols. As a result 
of these reactions, glycosides like pentagalloylglucose and tetragalloyglucose are likely to be formed. However, 
sucrose molecules can interact with oxidized phenolic compounds. It would result in the formation of the reduced 
form of phenolic compounds and increase antioxidant  activity45.

Similar to spirulina and apple juice mixture, spirulina in syrups showed a negative correlation. Spirulina in 
cranberry syrup correlation was R =  − 0.95 (between TPC and FRAP) and R =  − 0.92 (between TPC and ABTS). 
Spirulina in Japanese quince syrup correlation was R =  − 0.90 and R =  − 0.98. The correlation in the researched 
mixtures showed that antioxidant activity does not depend only on polyphenols. Antioxidant activity decreases 
while polyphenolics increase.

Considering food as a source of antioxidants for human health, our study shows that fresh spirulina antioxi-
dant activity is considerably lower than that of Japanese quince or cranberry syrups. The antioxidant capacity of 
Japanese quince and cranberries is largely determined by polyphenols and similar compounds that are not fully 
absorbed by the human body, while spirulina contains various types of compounds that are beneficial to the 
body, including those with antioxidant activity. Clinical  studies46,47 highlight C-phycocyanin as the most valuable 
antioxidant. At the same time, spirulina contains fewer polyphenols than fruits or berries.

Future antioxidant studies of spirulina-containing products should be continued by also applying other 
methods, as well as by setting the objective to investigate the actual effect of antioxidants.

Table 1.  Synergy coefficients of spirulina containing products.

Product

Coefficient

SCFRAP SCABTS SCTPC

Spirulina + Apple juice 1.02 0.60 0.77

Spirulina + Japonica Quince syrup 1.31 0.97 0.74

Spirulina + Cranberry syrup 1.14 0.66 0.99
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Materials and methods
Samples and chemicals. The research was performed on commercial products containing microalgae 
Arthrospira platensis (hereinafter Spirulina). Commercial samples were provided by SIA “SpirulinaNord”: (i) 
spirulina—50% fresh spirulina and 50% water; (ii) spirulina in apple juice—32% fresh spirulina and 68% apple 
juice; (iii) spirulina in cranberry syrup—32% fresh spirulina, 34% cranberry juice, and 34% sugar; (iv) spirulina 
in Japanese quince syrup—32% fresh spirulina, 43% Japanese quince juice, and 25% sugar. The samples were 
frozen and kept before analysis at (− 20 °C).

Shot storage stability studies were conducted with thawed samples of spirulina and spirulina with apple juice 
stored in a refrigerator (2–8 °C) for 14 days; the analyses were performed on the defrosting day (0 day), on the 
7th day and on the 14th day after melting.

Results for mixtures were calculated for one portion (21 g), which consists of 7 g of spirulina (without water) 
and 14 g of juice or syrup.

Three extractants (ethanol, phosphate-buffered saline (PBS) standard solution, 1.5%  CaCl2 aqueous solution) 
were used for extract preparation, diluting thawed samples 25 times.

2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), Trolox, gallic acid, Folin-Ciocalteu reagent, 
2,4,6-tripyridyl-s-triazine (TPTZ), calcium chloride, iron salts, sodium salts, potassium persulfate were purchased 
from Sigma-Aldrich. PBS tablets were purchased from Thermo Fisher. All chemicals and reagents were of ana-
lytical grade and were used as received without further purification. Absorbance measurements were performed 
using a UV–Vis Varian Cary 50 spectrophotometer.

Various analytical methods were used to assess the antioxidant activity of samples.

Ferric reducing antioxidant power (FRAP). Ferric reducing antioxidant power assay was performed 
according to the method described by Benzie and  Strain48. The FRAP reagent was always freshly prepared by 
mixing 300 mM acetate buffer (pH 3.6), 10 mM TPTZ dissolved in 40 mM HCl, and 20 mM  FeCl3·6H2O solution 
in 10:1:1 ratio. Three millilitres of freshly prepared working FRAP reagent were mixed with 0.2 mL of the sample 
extract. The mixture was incubated at 37 °C for 5 min. The absorbance was measured at 593 nm against a reagent 
blank. The FRAP value was calculated and expressed as mM Fe(II) ×  g−1 of product based on a calibration curve 
plotted using an aqueous solution of 1 mM ferrous sulphate  (FeSO4·7H2O).

ABTS radical scavenging assay. Extensively reported ABTS radical cation decolorization assay was per-
formed according to the method by Re et al.49.  ABTS●+ was produced by mixing a 7 mM stock solution with 
2.45 mM potassium persulfate. The mixture was kept in the dark at room temperature for 16 h before use. The 
 ABTS●+ solution was diluted with methanol to achieve an absorbance of 0.700 ± 0.025 nm. Once the mentioned 
absorbance reached 2.97 mL of  ABTS●+, the solution was mixed with 0.03 mL of sample extract and incubated 
at 37 °C. Absorbance was measured after 6 min of incubation. Trolox was used as the reference standard, and the 
results were expressed as mM TE ×  g−1 of the product.

Total phenolic compounds (TPC). The widely used Folin-Ciocalteu method was applied for the deter-
mination of total phenolic compounds (TPC) using the procedure described by Blainski et al.50. To carry out the 
analysis, 1.5 mL 10% Folin–Ciocalteu reagent was added to 0.25 mL sample extract, mixed and left in the dark at 
room temperature for 5 min; then 1 mL 7.5% sodium carbonate solution was added to the mixture and kept at 
room temperature for 30 min in the dark. The absorbance measurement was performed at 765 nm. Gallic acid 
was used as a reference standard, and the results were expressed as mg GAE ×  g−1 product.

Synergy coefficient (SC). For synergy effect characterization, we introduced the synergy coefficient (SC) 
that was calculated as a ratio between experimentally detected antioxidant activity and calculated antioxidant 
activity (the sum of antioxidant activity of each ingredient). The coefficient was SC > 1 in case of synergy, and 
SC < 1 in case of antagonism, SC = 1 in case of additivity meaning antioxidant activity for mixture as the sum of 
antioxidant activity of pure ingredients.

Calculations. The experiment was done in duplicate for each extract. Readings for 1 g of sample were calcu-
lated according to the following equation:

where  C2 is concentration in the sample,  C1 is concentration in the sample after calibration curve, V is the volume 
of the extract, and m is the mass of the sample in the extract. All data were expressed as mean value ± standard 
deviation.

Statistical analysis. Data were analysed by one-way analysis of variance (ANOVA). Differences were con-
sidered significant at p < 0.05. The relationship between the concentration of Total Phenolic compounds and 
antioxidant activity were described using correlation bivariate statistic. A direct correlation between TPC and 
antioxidant activity was determined by linear regression analysis. Trend line equations were estimated according 
to coefficient of determination  (R2).

C2 = (C1 × V)/m



7

Vol.:(0123456789)

Scientific Reports |         (2023) 13:4529  | https://doi.org/10.1038/s41598-023-31732-3

www.nature.com/scientificreports/

Conclusions
With the development of the functional food market, interactions between various food ingredients have become 
a topic of major interest. In this study, the antioxidant capacity of new commercial products was studied and 
compared to the antioxidant properties of single ingredients. Antioxidant properties of ethanol and water-based 
(PBS and  CaCl2) extracts of spirulina differed significantly for ABTS and TPC (p < 0.05) while no significant 
difference was observed for FRAP assay. PBS extracts of fresh frozen spirulina and products containing fresh 
spirulina were compared using FRAP, ABTS, and TPC methods. The synergy coefficient was introduced to 
characterize the result of mixtures interaction, dimensionless. Antioxidant synergy was observed in all samples 
for FRAP method, while additive effect or antagonism were observed by ABTS and TCP, which could be due to 
the complex nature of antioxidant systems interaction and each method’s inability to describe it fully. However, 
from a consumption perspective, all the studied additives preserved or improved the antioxidant activity of the 
product, compared to spirulina alone, and extended the shelf life of fresh spirulina.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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