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1 Introduction
Spirulina (Spirulina platensis) is a cyanobacterium (blue-green 

algae) that is widely grown in alkaline brine lakes (Nege et al., 2020). 
Spirulina is nontoxic, contains polysaccharides, vitamins, minerals, 
unsaturated fatty acids, carotenoids, and phycobiliproteins, 
and is used as a food supplement (Lafarga  et  al.,  2020; 
Sánchez et al., 2003). In addition to fibers and pigments, the 
biomass of spirulina consists of 55-70% protein, 3-9% fat, and 
15-30% carbohydrates (Kay & Barton, 1991). Spirulina markedly 
differs from other microalgae because it contains large amounts 
of protein pigments called phycobiliproteins (Glazer, 1985), 
which are phycobilisomes attached to the thylakoid membranes 
of chloroplasts and auxiliary photosynthetic pigments that 
aggregate in cells (Arad & Yaron, 1992). Phycobiliprotein consists 
of three main components: phycoerythrin, phycocyanin, and 
allophycocyanin (Sonani et al., 2016). Among them, phycocyanin 
is a blue-colored natural pigment with various physiological 
activities (antioxidant, antibacterial, and anticancer activity); thus, 
it is a protein pigment that can also be used in the food industry 
as a bioactive substance (Kumar et al., 2014; Liu et al., 2016).

Phycocyanin extracted from spirulina is a water-soluble protein-
pigment complex. To maintain the stability of the phycocyanin 
molecule, proper pH control and ionic strength is required during 
extraction, separation, and purification. The aggregation state 
of the protein is dependent on the changes in conditions such 
as light, temperature, pH, and protein concentration, which 
further affects the degradation of phycocyanin (Berns & MacColl, 

1989; Jespersen  et  al.,  2005). Heat  causes phycocyanin 
precipitation and its discoloration from blue thereby limiting 
its use. Although many studies have attempted to increase the 
thermal stability of phycocyanin, its use as a food additive is not 
recommended owing to the use of preservatives such as sodium 
azide (Mishra et al., 2008). In addition, low levels of sugar or 
polyhydric alcohols are used to increase the stability of pigment 
proteins (Petersen et al., 2004). Several studies have reported 
that the rearrangement of protein structures can improve the 
stability of pigment proteins (Fukui et al., 2004). In particular, 
cysteine (Cys) is known to inhibit protein denaturation by 
preventing the oxidation of thiol groups. The disulfide bonds of 
this cysteine play an important role in the folding and stability 
of some proteins by stabilizing the folded form (Fass, 2012). 
Recently, studies have been conducted to maintain pigment 
stability for 45 days at room temperature (25  °C) by adding 
citric acid (Mishra et al., 2008; Mishra et al., 2008), but no clear 
alternatives have been proposed to secure stability during the 
heat treatment of phycocyanin. In particular, there is no method 
for ensuring pigment stability during the heat treatment process 
of foods in which phycocyanin is used.

In previous studies, Collupulin has been shown to improve 
the extraction efficiency of phycocyanin from spirulina, and the 
extraction conditions have also been reported. In this study, we aimed 
to examine the effect of Cys addition on increasing the thermal 
stability of phycocyanin extracted from spirulina using Collupulin.
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2 Materials and methods

2.1 Materials

Earthrise Natural Spirulina powder (Earthrise Nutritionals 
LLC, Calipatria, CA, USA) was used for phycocyanin pigment 
extraction. Collupulin (EC 3.4.22.25.4, DSM Food specialties, 
Delft, The Netherlands) from Papaya (Carica papaya) was used 
as the hydrolase. The enzyme reaction conditions were pH 5.0-
7.5, temperature 55-70 °C, and the enzyme activity 106 PU/g.

2.2 Phycocyanin extract from spirulina

Water and enzyme extracts from spirulina were prepared to 
evaluate the thermal stability of phycocyanin. The water extract 
was added to 60 mL of citrate buffer (50 mM, pH 5.0) and spirulina 
powder (2, 5, and 10%, w/v), extracted at 45 °C for 12 h, and 
centrifuged (2500 x g, 20 min, 4 °C). The resulting supernatant 
(phycocyanin) was used for further analyses. Enzyme extraction 
was performed according to a previously reported method 
(Bae et al., 2020). After suspension at a concentration of 5% 
(w/v) spirulina in 0.05 M citrate buffer (pH 5.0), 3% (w/w) of the 
enzyme amount based on the substrate was added. The reaction 
was performed at 45 °C for 12 h. Then, the enzyme was inactivated 
by heating the mixture at 95 °C for 10 min, and the supernatant 
was recovered by centrifugation (9500 x g, 5 min, 4 °C) and used 
as a phycocyanin enzyme extract. Extracts were lyophilized for 
further experiments.

2.3 Analysis of C-phycocyanin and allophycocyanin

The extraction yield was calculated using the weight ratio of 
the applied raw spirulina powder and the freeze-dried extract. 
For phycocyanin and allophycocyanin, the absorbance of the 
supernatant obtained after enzymatic extraction was measured 
at 620 nm and 652 nm, respectively, and calculated using the 
following Formula 1 and 2 (Bennett & Bogorad, 1973).

( ) ( )– . .[ ]/ /C phycocyanin mg mL A620 0 474 A652 5 34− =  (1)

( ) ( )[ / .]/ – .Allophycocyanin mg mL A652 0 208 A620 5 09=  (2)

A620: absorbance at 620 nm, A652: absorbance at 652 nm

2.4 Stability of phycocyanin pigment

To measure the thermal stability of the phycocyanin solution 
according to this extraction method and following the addition 
of Cys, the absorbance was measured at 620 nm before and after 
the heat treatment at 70, 80, and 90 °C for 30 min at pH 5.0. 
The thermal stability of phycocyanin extracted with citrate buffer 
alone, 0.5% (w/v) Cys and citrate buffer, 3% (w/w) Collupulin 
and 0.5% Cys, and addition of 0.5% Cys after the extraction 
with Collupulin was evaluated. The stability of the pigment 
was expressed as the relative residual amount of phycocyanin 
(CR, %) before and after treatment. CR (%)=C/C0×100; the 
relative concentration of phycocyanin (CR, %) is the remaining 
concentration of phycocyanin as a percentage of the initial 
concentration (C0).

2.5 Statistical analysis

The results of the experiments are expressed as the mean ± 
standard deviation (SD) of three replicates. Statistical analyses 
were performed using the SPSS 17 version for Windows (SPSS 
Inc., Chicago, IL, USA) with the significance level set at p < 0.05). 
Data were analyzed using one-way analysis of variance (ANOVA) 
and significance was verified by Duncan’s multiple range test.

3 Results and discussion

3.1 Phycocyanin extraction by Collupulin from spirulina

Phycocyanin is a water-soluble natural pigment widely 
used as a coloring additive in food, cosmetics, fluorescent 
reagents, probes, and tracers in clinical diagnostic instruments. 
Various techniques have been used to extract phycocyanin from 
spirulina biomass. The cell membrane of spirulina is similar to that 
of gram-negative bacteria; it is composed of two lipid membrane 
layers (cellular and cytoplasmic), separated by a murein layer 
(Palinska & Krumbein, 2000). Murein is a rigid macromolecular 
structure formed from peptidoglycans and lipopolysaccharides 
(Verdasco-Martín et al., 2019). Decomposing such cell membranes 
require physical methods, enzymes, and chemical methods. 
For example, Alcalase and Flavourzyme proteases degrade 
membrane proteins, lipoproteins, and peptidoglycans, while 
Ultraflo and Vinoflow, which are endo- and exo-glucanases, 
respectively, degrade sugar polymers. The  active ingredient 
obtained from spirulina varies depending on the enzyme used for 
digestion. According to our previous study, Collupulin treatment 
was more effective in recovering phycocyanin from spirulina 
than Flavourzyme or Alcalase treatment (Bae et al., 2020).

According to previous studies (Bae  et  al.,  2020), as the 
amount of Collupulin increases, the contents of C-phycocyanin 
and allophycocyanin increase. The contents of C-phycocyanin 
and allophycocyanin are the highest compared to the control 
(without Collupulin added) when 3.0% Collupulin is added. 
For the industrial production of phycocyanin, the higher the 
amount of spirulina, the substrate, is advantageous. Therefore, the 
amount of phycocyanin extracted from a known amount of 
spirulina was measured (Figure 1). The amount of phycocyanin 
extracted increased until the addition of 5% spirulina, but it 
decreased with the addition of 10% spirulina. Additionally, the 
extraction yield decreased as the amount of spirulina added 
increased. These  results suggest that C-phycocyanin and 
allophycocyanin pigments should be extracted with Collupulin 
from 2 to 5% spirulina.

3.2 Thermal stability by adding Cys to phycocyanin obtained 
by different extraction methods

When phycocyanin was extracted with Collupulin, Cys was 
added to increase the stability of the phycocyanin pigment (Figure 2). 
As the amount of Cys added increased to 0.5%, the amount of 
C-phycocyanin and allophycocyanin pigments extracted gradually 
increased. However, when more than 0.5% Cys was added, the 
amount of pigments extracted decreased. Furthermore, the amount 
of phycocyanin obtained by extraction with Collupulin and 0.5% 
Cys was 52.6% higher than the amount of phycocyanin extracted 
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with citrate buffer alone. Cys addition appears to increase the 
thermal stability of the pigment during the extraction process 
rather than increase the amount of phycocyanin extracted.

To determine whether the increase in the amount of 
phycocyanin extraction was caused by the increase in thermal 
stability, thermal stability of phycocyanin extracts was measured 
after adding Cys to phycocyanin and using different extraction 
methods: extraction with citrate buffer alone, Cys and citrate 
buffer, Collupulin and Cys, and Cys addition after extraction with 
Collupulin (Figure 3). Regardless of the extraction method or the 
timing of Cys addition, the addition of Cys increased the thermal 
stability of phycocyanin. As the concentration of Cys increased, the 
thermal stability of phycocyanin tended to increase. In particular, 
the addition of 0.2% and 0.5% Cys significantly increased the 
thermal stability of phycocyanin compared to the group with no 
or 0.1% Cys addition (p < 0.05). When the extraction involved 
both Cys and Collupulin, phycocyanin thermal stability was 
higher than when Cys was added to the extract after extraction 
with Collupulin. Phycocyanin is unstable to heat and cannot be 
used in foods that require high-temperature processes such as 
cooking or sterilization. The thermal stability of phycocyanin 
is only slightly increased by adding a preservative or low 
concentration of sugar (Hadiyanto et al., 2018). Compounds, such 
as dithiothreitol and sodium azide, are used to increase the stability 
of phycobiliproteins, but their use is limited owing to toxicity 
(Mishra et al., 2010). In general, these compounds are known to 
prevent the oxidation of thiol groups. Cys also seems to inhibit 
the protein denaturation of phycobiliproteins by preventing the 
oxidation of thiol groups. Phycocyanin is known to have Cys 
residues, and the formation of covalent disulfide bonds between 
them causes protein stabilization (Fass, 2012). Cys addition 
appears to contribute to the protection and stabilization of the 
thiol groups involved in this covalent disulfide bond formation, 
suggesting why it is more efficient to add it during extraction 
with Collupulin (Figure 3).

Phycobiliproteins containing phycocyanin act as an auxiliary 
light-harvesting antenna complex to cyanobacteria, absorbing 
sunlight and efficiently transferring it to chlorophyll A in the 
reaction center. These phycobiliproteins are classified into 
phycoerythrin, phycocyanin, and allophycocyanin and have 
maximum absorption wavelengths of 540-570, 610-620, and 
650-655 nm, respectively (Kannaujiya & Sinha, 2015; Santiago-
Santos et al., 2004). Spirulina extract obtained using Collupulin 
also contains phycocyanin with a maximum absorption 
wavelength of 610 nm. Figure 4 shows the changes in absorbance 
and pigment (according to wavelength change) before and after 
heat treatment. The pigment stability of phycocyanin obtained 
by adding cysteine during the extraction with Collupulin was 
higher than that of phycocyanin extracted with either citrate 
buffer or Collupulin alone.

3.3 Thermal stability of phycocyanin by adding cysteine 
during extraction with Collupulin from spirulina

For thermal stability, Chaiklahan  et  al. (2012) reported 
that the effects of temperature, pH, and preservative addition 
on phycocyanin solutions depend on the first-order kinetics of 
thermal degradation. The thermal stability of phycocyanin was 
measured based on the amount of Cys added during extraction 
with Collupulin from spirulina. The change in CR value, the 
thermal stability index of phycocyanin, after 95°C heat treatment 
for 10 min is shown in Figure 3A. The CR value of the extract 
obtained after extraction with Collupulin was 33.6%, which 
was higher than that of the extract obtained after extraction 
with citrate buffer (pH 5.0) alone. In contrast, when extracted 
with Collupulin and 0.1%, 0.2%, and 0.5% Cys, the CR values 
of the phycocyanin were 33.8%, 43.4%, and 58.4%, respectively, 
which were higher than those obtained after extraction with 
either citrate buffer or Collupulin alone. These results indicate 
that Cys addition during phycocyanin extraction was effective 
in increasing the thermal stability of the pigment.

Figure 1. C-Phycocyanin and allophycocyanin production by extraction with Collupulin from different concentrations of spirulina (2, 5, and 
10%, w/v). The reaction was performed for 12 h at 40 °C and pH 5.0 by adding 3% (w/w) of Collupulin. (A) C-phycocyanin; (B) allophycocyanin; 
(C) yield. Values are presented as the mean ± standard deviation (SD) for each group. Different letters indicate significant differences (p < 0.05) 
among samples by one-way ANOVA followed by post-hoc Duncan’s test.
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3.4 Thermal kinetics and the effect of temperature on 
phycocyanin degradation

Thermal denaturation causes changes in the chemical, physical, 
and biological properties of natural protein structures through 
repulsion and vibration (Volkin & Middaugh, 1992). To assess the 
thermal denaturation of phycocyanin at different pH levels, we used 

second-, first-, and zero-order motion models (Hadiyanto et al., 2018). 
The kinetic models are expressed by the following Equations 1,4 and 5:

Zero order: t 0 0C  C  k t− = −  (3)

First order: /t 0 1lnC  C k t= −  (4)

Figure 2. Effect of cysteine (0.1, 0.2, 0.5, 1.0%, w/v) addition during extraction with Collupulin on phycocyanin. The reaction was performed for 
12 h at 40 °C and pH 5.0 by adding cysteine to spirulina (5%, w/v) and Collupulin (3%, w/w). (A) C-phycocyanin; (B) allophycocyanin. Values 
are presented as the mean ± standard deviation (SD) for each group. Different letters indicate significant differences (p < 0.05) among samples 
by one-way ANOVA followed by post-hoc Duncan’s test.

Figure 3. Thermal stability (CR value) of phycocyanin from extracts obtained from spirulina using different extraction methods. (A) Citrate buffer 
extraction; (B) Cysteine addition after Collupulin extraction; (C) Collupulin estraction with cysteine. (A) C-phycocyanin; (B) allophycocyanin; 
(C) yield. Values are presented as the mean ± standard deviation (SD) for each group. Different letters indicate significant differences (p < 0.05) 
among samples by one-way ANOVA followed by post-hoc Duncan’s test.
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Second order: / – /t 0 21 C 1 C k t= −  (5)

where Ct is the variable content studied at time t, C0 is the value 
at time zero, k0 is the zero-order kinetic constant, k1 is the first-
order kinetic constant, and k2 is the second-order kinetic constant.

To determine whether the thermal degradation of phycocyanin 
proceeds by 0, 1, and 2 reactions, the CR value was measured 
after the phycocyanin extract obtained by extraction with 
Collupulin and Cys was heat-treated at 70, 80, and 90°C and 
pH 5.0 (Figure 5). In addition, the correlation index (R2) was 
calculated to confirm the kinetic model of the thermal degradation 
of phycocyanin. Figure 5 shows that the thermal degradation 
of phycocyanin obtained from the extraction with Collupulin, 
and Cys was modeled by second-order kinetics (R2 ranging from 
0.825 to 0.960), which had a higher R2 value than zero-order and 
first-order kinetics (R2 ranging from 0.739 to 0.850 and 0.764 
to 0.907, respectively). Therefore, the kinetic model for thermal 
degradation of phycocyanin extracted with Collupulin and Cys 
was conducted according to the second order.

To evaluate the thermal stability of phycocyanin according 
to the extraction method and timing of Cys addition, Ea was 
calculated, which required obtaining the reaction constant of the 
thermal degradation and a thermal degradation kinetic model, 
particularly the reaction constant from the model. Phycocyanin 
extracted with Collupulin and Cys was subjected to thermal 

degradation in accordance with the second-order reaction 
among the zero-, first-, and second-order thermal degradation 
reactions (Figure 5).

3.5 Activation energy for thermal degradation of 
phycocyanin

To find the minimum energy required to initiate the thermal 
degradation of phycocyanin, the activation energy (Ea) for thermal 
decomposition of phycocyanin must be determined. The reaction 
constant k was obtained from the thermal degradation kinetic 
models (Figure 5), and Ea was calculated using the following 
Arrhenius Equations 6 and 7:

( )/Ea RTk  C−=   (6)

– –Ea 1lnk   ln C
R T
 =  
 

  (7)

where C is the phycocyanin concentration, k is the kinetic rate 
constant, Ea is the activation energy, R is the ideal gas constant, 
and T is the absolute temperature (K).

Ea of phycocyanin according to the extraction method 
shows a difference in slope (Figure 6). During extraction with 
Collupulin, addition of Cys showed that Ea for thermal degradation 

Figure 4. Changes in CR value after 95 °C heat treatment for 10 min by cysteine addition during extraction with Collupulin.
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during heat treatment. A recent thermal degradation study of 
phycocyanin reported that the thermal degradation kinetics of 
phycocyanin is nonlinear. The study described the discoloration 
process using the sigmoidal curve model (Faieta et al., 2020). 
Therefore, it has been reported that the thermal degradation 
model of phycocyanin is based on various models according to 
the type of phycocyanin extract, and the recent trend is reportedly 
based on the nonlinear model. In the present study, phycocyanin 
extracted with Collupulin was also measured to conform to the 
second-order reaction kinetics, which is a nonlinear model.

4 Conclusions
Phycocyanin is a natural pigment obtained from spirulina 

and has superior thermal stability and extraction amount 
when extracted with Collupulin and Cys compared to when 
extracted with buffer alone, citrate buffer and Cys, and adding 
Cys after extraction with Collupulin. Phycocyanin extracted 
with Collupulin and Cys was confirmed to be in accordance with 
the secondary pyrolysis model and have relatively high thermal 
stability. Phycocyanin, a highly thermally stable active ingredient 
extracted from Spirulina with Collupulin and Cys, offers the 
potential to play an important role as a new active substance in 
the food industry. Extraction of phycocyanin using proteolytic 
enzyme not only improves the yield, but also has the advantage 
of less destruction of active ingredients because it is extracted 
at low temperatures, providing economic benefits to producers. 
In addition, the addition of Cys improves the thermal stability 
of phycocyanin, showing that it is economically feasible for use 
in the food industry.
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