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Abstract

:

A kinetic model was developed to reflect the stability of C-Phycocyanin (C-PC) from ultrasonic extraction process under different storage conditions. The decrease of C-PC contents was most accelerated at a high temperature of 40 °C along with light illumination, resulting in ca. 60% drop of an initial concentration for two months of storage. However, ca. 93% of the initial contents remained at 4 °C without light, which would be a most favorable condition for long-term storage. It was first shown that the decrease of the residual concentrations followed second-order kinetics under light illumination. However, without light, the decrease of the C-PC contents showed first order reaction kinetics, which implies initial C-PC concentrations are important. On the contrary, initial storage temperature seemed to be more influential under light illumination. It was also first revealed that the rate of degrading the C-PC was faster with light than without light even at the same temperature, having 0.0108 (1/h) and 0.0138 (1/h) of rate constants of first order (no light) and second order kinetics (with light) at 40 °C, respectively. Moreover, the cleavage of C-PC was also found to follow the Arrhenius relationship. Therefore, this work could provide desirable storage conditions of C-PC from non-thermal ultrasonic process for long-term storage.
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1. Introduction


C-phycocyan (C-PC) is a well-known bioactive substance existing in Spirulina sp. and other cyanobacteria and red algae [1,2]. Some of these, especially Spirulina sp., contain fairly high amounts of C-PC in the ranges of 10–20% [1,3] in nature; C-PC has been used as a functional blue dye since it has been known to have many biological activities such as antioxidant activities, immune-modulatory activities and anticancer activities, etc. [4,5]. One of the main light harvesting pigments in Spirulina sp. is known as phycobiliproteins that is structured by phycobilisomes, and phycobilisomes are composed of three types of biliproteins such as C-phycocyanin (C-PC), phycoerythrin (PE), and allophycocyanin (APC) [1,6]. However, C-PC is also known to be extremely sensitive to heat and pH [7,8], and its extraction yields were seriously affected by temperature as well as purity [9]. This sensitivity increases its production cost and also decreases its biological functions during production and storage. Therefore, many processes have been studied to obtain high amounts of intact forms of phycocyanins from Spirulina by employing various extraction processes such as freezing and thawing, enzyme digestion, and extraction with various solvents at relatively low temperatures [9,10]. However, in general, low temperature extraction process did not have high enough extraction yields from many biomaterials [11,12]. Among them, the ultrasonic process has been proved to be very effective in extracting heat labile substances from many bioresources, because in a short time, high speed ultrasonic vibration generates many captivation bubbles that can effectively break the cell walls due to shock wave and liquid jets by collapsing the bubbles near the cell walls [13,14,15,16]. Therefore, the ultrasonic process has been considered a non-thermal green extraction process that can obtain heat sensitive bioactive substances such as C-PC at low temperatures with relatively high efficiency; however, this process also has the disadvantage of scaling-up the processes up to 5–10 tons so far [17,18,19]. Besides effective extraction of intact C-PC, many works on the stability of C-PC have also been carried out to mainly find the effects of temperature and pH in processing Spirulina sp. or for a week of short term storage [20]. Moreover, reports of the effect of the light are few, even though the importance of the exposure to the light should also be considered. Therefore, temperature and light must be accounted for as the most important variables in maintaining C-PC extracted from Spirulina, especially in terms of storage in many food industries. However, there have not been studies on the changes of the concentrations and purity of C-PC for long-term storage experiments, since most results have been from studies carried out for less than a week [20,21]. Moreover, there is no report of considering the combined effects of both temperature and light on the stability of C-PC for a short-term storage condition, even though the effects associated with both major factors could represent the actual storage conditions in the fields. Therefore, in this work, comprehensive kinetic studies on degrading the C-PC in the extract will be investigated by considering simultaneous changes of temperature and light for long-term periods of storage.




2. Materials and Methods


2.1. Preparation of Spirulina Extract and Exposed to Various Storage Conditions


First, 10 g of Spirulina platensis powder (Nutrex, Kona, HI, USA) were mixed with 500 mL of 50 mM sodium phosphate buffer (pH 6.8) and extracted by an ultrasonic extractor (AUG-R3-900, ASIA Co., Gyeonggido, Korea) with 40 kHz frequency at 120 W of input power by an ultrasonic wave generator located at the bottom of the inside of the extraction vessel for 5 h. Temperature of the ultrasonic extractor was maintained as 25 °C by a cold water cooling double jacket at the outside of the extraction vessel. Then, the extract was stayed for 12 h for further extraction at 25 °C. After that, the supernatant was collected by a centrifuge (Combi-514R; HANIL, Daejeon, Korea) at 2800× g for 30 min. Then, the supernatant was further mixed with hexane (1:1, v/v) and shaken by a vortex mixer (KMC-1300V; VISION, Daejeon, Korea) for 10 min. Then, the water fraction was collected after staying at 4 °C for 24 h. For long term storage experiments, the water fraction as an ultrasonic extract (UE) was treated under the following conditions: 200 mL of the UE was put into a 500 mL glass jars and stored in a temperature and light controlled incubator equipped with a 20 W white fluorescent lamp for visible light. For dark experiments, the jar was completely covered with aluminum foil, and the temperature of the incubator was set at 4, 25 and 40 °C. Then, 10 mL of the samples exposed to different storage conditions was collected from the jars every week for two months, and the residual content of C-PC in each sample was measured.




2.2. Measurement of the C-PC Contents in the Extracts


The residual concentration of the C-PC in each sample was estimated using high-performance liquid chromatography (HPLC, Dionex 3000, Dionex Co., Sunnyvale, CA, USA) with a C5 column (BIO Widepore, 250 × 4.6 mm, 5 μm, Sigma, St. Louis, MO, USA) under the following conditions: the injection volume was 20 μL and the mobile phase was 20% (v/v) acetonitrile mixed with 0.1% (v/v) trifluoroacetic acid at 25 °C and a 1.0 mL/min flow rate under isocratic conditions for 45 min. The absorbance was measured with a UV detector at 580 and 640 nm and compared to the peaks of a standard C-PC (Sigma, St. Louis, MO, USA) [22,23].




2.3. Kinetic Analysis of Degrading the C-PC during the Storage


To find a proper kinetic model of breaking down the C-PC under various storage conditions, the first and second order reaction kinetic models were employed because these models have most widely been applied to analyze the dissolution mechanisms within inhomogeneous liquid–solid systems [24,25]:



First-order equation:


    log  (   C s  −  C t   )  = log  C s  −  (     k 1    2.303    )  × t .    



(1)







Second-order equation:


     t   C t    =  1   k 2   C s 2    +  (   1   C s     )  × t ,    



(2)




where,    C s    represents the concentration of initial C-PC in the extract at  t  = 0 and    C t    is the residual concentration at an arbitrary time t (day), and    k 1    and    k 2    represent first-order and second-order rate constants, respectively. To quantitatively understand the effect of temperature on the stability of C-PC, the decrease of residual concentration of C-PC in the extracts was assumed to follow Arrhenius model as follows [24,25]:


    k = A e x p  (  −  E  R T    )     



(3)




where, k is the rate constant observed at three different storage temperatures, A is Arrhenius constant, R is gas constant (0.00814 kJ/mol/°K), T is absolute temperature of three different storage conditions (°K) and E is activation energy (kJ/mol).




2.4. Statistical Analysis


The data are expressed as the mean ± SD (standard deviation) with at least three duplicates, and significant differences among samples were evaluated by ANOVA (SAS Institute, Cary, NC, USA) (p < 0.05).





3. Results and Discussion


3.1. The Changes of C-PC Contents in the Extracts Under Various Storage Conditions


First, Figure 1 was to compare HPLC chromatograms of the C-PC in the extracts from ultrasonic extraction process treated under two extreme storage conditions such as 4 °C without light (a) and 40 °C with light (b) after two month exposure.



As a control, initial concentration of C-PC in the extract obtained from ultrasonic extraction process (UE) in Figure 1c was estimated as 10.5 (mg/mL), and the amounts of which were found to be similar to other results from a low temperature ultrasonic process and solvent extraction processes [26]. However, after two month storage, there was significant differences between the C-PC contents in two extracts such as 9.41 (mg/mL) of C-PC at 4 °C with no light and 1.13 (mg/mL) of C-PC at 40 °C with light as shown in Figure 1a,b, respectively. It was confirmed that, in storing the UE extract at 4 °C without light, less than 10.39% of initial content of the C-PC was decreased even for two months, which tells that C-PC stored at low temperature was very stable. However, at high temperature of 40 °C with the illumination of the visible light, more than 89.34% of the C-PC was destructed after two months storage. Therefore, these results clearly proved that the storage conditions must be absolutely critical for a long-term storage of the C-PC. Moreover, the dissociation of the C-PC was much severely accelerated at high temperature associated with the light, which was first found in this work.



Therefore, Figure 2 and Figure 3 were to more comprehensively illustrate the effects of storage temperatures on the breakage of C-PC in the extract by being associated with the effect of the light for two month of long-term storage experiment.



First, Figure 2 was to compare the decrease of C-PC at three different storage temperatures for two months storage without light. At 4 °C storage, only ca. 10.39% drop of C-PC contents in the extract was observed after two months of storage, compared to the initial content at the first day of storage, while 25.81% of initial concentration was decreased at 25 °C and ca. 47.53% at 40 °C even with no light. These results clearly indicated that the stability of C-PC was greatly decreased at higher temperature and it should be stored at below room temperature at least. Similar results of significant destruction of the C-PC at over 40 °C of high temperature were reported elsewhere [20,21]; however, there was no report on the effect of temperature for long-term storage, such as more than two months, in this work. Therefore, this result would be first realistic data of representing the stability of C-PC in many experiments. The results of Figure 2 and Figure 3 showed the changes of the amounts of C-PC in the UE extract at three different storage temperatures with light for two months. The patterns of decreasing the contents of C-PC were different from those without light even at same temperature. The final residual concentrations of C-PC in the extract were also much lower being exposed to light than the cases without light as shown in Figure 2: 4.42 (mg/mL) with light vs. 9.41 (mg/mL) without light at 4 °C, 2.15 (mg/mL) vs. 7.79 (mg/mL) at 25 °C and 1.13 (mg/mL) vs. 5.51 (mg/mL) at 40 °C, respectively. It was clearly and first shown that the exposure of light to C-PC significantly accelerates the decrease of the concentrations of C-PC in the extract, and implied that the stability of C-PC should be more greatly affected by simultaneous exposure at high temperature and light for a relatively long period of storage, the conditions of which might reflect actual storage in many industrial fields [27,28].




3.2. Kinetic Analysis of the Decrease of C-PC with Light and without Light Stored at Various Temperatures


In considering the decreasing patterns of C-PC in Figure 2 and Figure 3, the results of fitting the data in Figure 2 and Figure 3 to Equations (1) and (2) proved that the changes of residual C-PC concentrations in the extract without light followed first-order reaction kinetics, showing clear straight lines in employing Equation (1) for all three different storage temperatures (Figure 4a) but not well fit to Equation (2) (Figure 4b). On the contrary, as shown in Figure 5, the decrease of C-PC contents in the extracts under light illumination clearly followed second-order kinetic at all of three storage temperatures (Figure 5b), showing continuous drop of C-PC contents until 14 days of storage and slowly decreased after that, especially a great decrease at 40 °C of high temperature rather than at 4 °C.



To confirm the above approximate analysis of two different data sets in Figure 4 and Figure 5, Table 1 shows the results of the estimating rate constants of kinetic analysis by fitting the data in Figure 2 and Figure 3 to the Equations (1) and (2) along with linear regression coefficients (R2), which correspond to the results in Figure 4a and Figure 5b.



All of the data in Figure 4a and Figure 5b were well fitted to Equations (1) and (2), respectively, having fairly good regression coefficients of the ranges of 0.9932 to 0.9997 for all the cases. Rate constant of Equation (1) as first-order kinetic was estimated as 0.0020 (1/day) in Figure 4a at 4 °C of storage temperatures and 0.0108 (1/day) at 40 °C, respectively. Compared to the rate constants of first order kinetics, the rate constants of second order kinetics (the cases exposed with light) were higher than the cases of no light at all three storage temperatures; 0.0020 vs. 0.0023 (1/day) at 4 °C, 0.0053 vs. 0.0065 (1/day) at 25 °C and 0.0108 vs. 0.0138 at 40 °C, respectively, which can also confirm the hypothesis that the rate of decreasing and/or breaking intact C-PC was faster than the case of no light at any range of temperature. Interestingly, in other work, the cleavage of the C-PC by methanolysis was also found to be first-order kinetics with 33 (1/h) and 0.29 (1/h) of breaking α and β subunits of C-PC [29], implying that α subunit was more easily detached out of intact C-PC compared to β subunit. However, these rate constants seemed to be different from this work because the cleavage model in this work was only considered by a simple two steps of breaking down α and β subunit by adding methanol, not naturally decreased by the effects of temperature and light, which was very different from our experimental conditions and purpose. Nevertheless, some of those results could also give an insight of breaking the structure of C-PC intentionally or naturally. It was also confirmed that both cases of our results and the other work revealed that the pattern of breaking the C-PC would follow mostly first-order kinetics, even though under the condition of simultaneous exposure of high temperature and light, the cleavage of C-PC followed second-order kinetics. Therefore, results of this work first found that the decrease of C-PC in the extract showed first-order kinetics in storing with no light and second-order kinetic with light, implying that the residual contents of the C-PC were continuously decreased until the end of the storage under no light condition, while the amounts of C-PC were substantially dropped at the first period of storage with light and slowly decreased at latter periods of storage, compared to the cases with no light even at the same temperatures. In particular, it can be expected that the stability of C-PC should be more affected by the initial storage temperature in the case of being exposed to light. Besides the kinetic analysis of decreasing C-PC contents in the extract, it can also be expected that the stability of C-PC should be closely related to temperature, since temperature was found to be a most important factor in long term storage. To understand this relationship, the Arrhenius model in the form of Equation (3) in Materials and Methods, was employed, as shown in Figure 6.



As a result of fitting the rate constants in Table 1 to Equation (3), two activation energy values were calculated as 4045.02 (kJ/mol) and 4298.93 (kJ/mol) for the cases of no light and with light, respectively, along with 0.9986 and 0.9984 of regression coefficient, showing that the decrease C-PC contents in the extracts was considered to fit well with the Arrhenius relationship, too. In general, the activation energy of breaking the C-PC was found to be higher for the case of exposure to light than that of no light, which corresponded to the results that the decrease of residual contents of C-PC followed second-order kinetics, as shown in Table 1. Therefore, these results could provide useful information in the industrial fields of managing the C-PC, where long term storage would be inevitable.





4. Conclusions


This work first showed simultaneous effects of temperature and light on the stability of C-PC in the extracts from an ultrasonic extraction process by conducting the experiments that could reflect the actual industrial environment of storing and processing C-PC from Spirulina sp. More accelerated destruction of the C-PC was observed at high temperatures with the light, than in the case with no light, even at the same temperature. Kinetic analysis of the residual C-PC contents in the extracts also confirmed a hypothesis first proposed in this work by showing high values of second-order rate constants of decreasing C-PC contents with the light, compared to low values of first-order rate constants for the case of no light at all of the experimental temperature during the storage. The residual amounts of C-PC in the extract continuously decreased until the end of the two months storage as a function of storage temperature under the condition of no light, which strongly implied that initial concentration of C-PC must be more important for long term storage with no light. These results support the advantages of employing the ultrasonic extraction process that can yield more amounts of intact C-PC in the extract from S. platensis than other processes. However, with continuous exposure to light, the contents of C-PC significantly dropped, first at two weeks and then slowly decreased after that, which meant that the initial storage temperature should be more important than the initial concentration, even at the same temperature under the condition of being exposed to light. The effect of temperature on the stability of C-PC was also first found to follow Arrhenius model, showing a higher activation energy of breaking the structure of the C-PC for the case with light, as compared to the case of no light. Therefore, we conclude that non-thermal ultrasonic extraction could help to increase the stability of C-PC in the extract by maintaining relatively low environmental temperatures without light.
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Figure 1. High-performance liquid chromatography (HPLC) chromatograms of C-phycocyanin (C-PC) in the Spirulina platensis extract treated under the conditions stored at 4 °C with no light (a) and at 40 °C with light (b) compared with the initial C-PC in the extract as a control (c) and a standard C-PC (d). 
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Figure 2. The residual concentration of C-PC in the Spirulina platensis extract at three different temperatures with no light for two months of storage. 
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Figure 3. The residual concentration of C-PC in the Spirulina platensis extract at three different temperatures with light for two months of storage. 
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Figure 4. Results of first (a) and second order (b) plots of the decrease of C-PC contents in the extract at three different storage temperatures of 4 °C, 25 °C and 40 °C without light in Figure 2. 






Figure 4. Results of first (a) and second order (b) plots of the decrease of C-PC contents in the extract at three different storage temperatures of 4 °C, 25 °C and 40 °C without light in Figure 2.



[image: Applsci 08 01662 g004]







[image: Applsci 08 01662 g005 550] 





Figure 5. Results of first (a) and second order (b) plots of the decrease of C-PC contents in the extract at three different storage temperatures of 4 °C, 25 °C and 40 °C with light in Figure 3. 
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Figure 6. Arrhenius plot of the rate constants of decreasing C-PC contents at 4 °C, 25 °C and 40 °C with light and no light. 
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Table 1. The results of estimating first and second order rate constants of decreasing the C-phycocyan (C-PC) contents exposed to light and no light at three different storage temperatures.
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Storage condition

	
Temperature (°C)

	
Rate Constant (1/day)

	
R2






	
Dark

	
4

	
k1(4) *

	
0.0020

	
0.9957




	
25

	
k1(25) *

	
0.0053

	
0.9997




	
40

	
k1(40) *

	
0.0108

	
0.9932




	
Light

	
4

	
k2(4)**

	
0.0023

	
0.9990




	
25

	
k2(25) **

	
0.0065

	
0.9951




	
40

	
k2(40) **

	
0.0138

	
0.9970








* The first order rate constant of fitting the data in Figure 4a to Equation (1); ** The second order rate constant of fitting the data in Figure 5b to Equation (2).
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