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Abstract:



Under the optimal ultrasonification extraction conditions of 20.52 kHz for the frequency, 32.59 °C for the temperature, and 4.91 h for the process time, 17.98 mg/g of chlorophyll a was obtained. It was much higher than 13.81 mg/g from conventional 70% ethanol extraction and even higher than other data from Spirulina. This yield was close to the predicted value of 18.21 mg/g from the second-order polynomial model with a regression coefficient of 0.969. This model showed the greatest significance with the ultrasonic frequency and process time and the least significance with the temperature. The extracts also showed high α,α-diphenyl-β-picrylhydrazyl (DPPH) radical scavenging activities as 69.38%, compared to 58.25% for the extracts from the 70% ethanol extraction. It was first shown that the optimal extraction was effective at enhancing the neuroprotective activities possibly due to the synergistic effects of higher amounts of chlorophyll a and other bioactive substances in the extract, revealing a 90% protection of the growth of mouse neuronal cells and a great reduction in Reactive Oxygen Species (ROS) production.
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1. Introduction


The blue-green algae Spirulina has been consumed since ancient times as a perfect food of the earth and has been frequently studied for many purposes, including as a food supplement, a functional food medicine, for cosmetics, and for many other biomaterials [1,2,3,4,5]. However, for most applications, it is considered more economical to use dried Spirulina itself rather than extract the biologically active components, such as phycocyanin, xanthophyll, chlorophylls, etc. because their extraction processes are difficult and they are extremely unstable in the presence of light, extreme temperatures, extraction solvents, etc. [6,7]. That is why it is mostly the powder of Spirulina that has been consumed, not extract forms, even though its taste is not palatable. Among the many bioactive substances that exist in Spirulina, the extracts of phycocyanin and xanthophyll are relatively well studied since they are unique components in Spirulina and are proven to have various useful biological functions including anticancer and anti-inflammation activities, as natural dyes, etc. [2,3,4]. However, the extraction of chlorophylls from Spirulina has not been studied much, even though Spirulina is also known to have very high amounts of chlorophylls, especially chlorophyll a, because there are many other resources with more natural chlorophylls [6,7,8,9,10]. Specifically, the need for natural chlorophyll a has been greatly increased because of its biological activities such as high antioxidant, anti-obesity, anti-cancer and anti-aging, etc. [1,2,3,4]. However, to obtain pure chlorophyll a from natural resources has not been easy since its purification steps are more complicated and also require special attention to avoid heat and light damage, etc. during the purification process [11,12]. That is why the cost of natural chlorophyll a is very high and has sharply increased compared to other chlorophylls such as chlorophyll b and c, etc. Therefore, Spirulina is an economical bioresource of good-quality natural chlorophyll a since most of the chlorophylls in Spirulina exist in the form of chlorophyll a, unlike most plants that have mixtures of chlorophyll a and b [11,12]. However, the chlorophylls are very unstable and difficult to extract in intact forms out of the hard cells of Spirulina, which leads to very low extraction yields [13]. So far, the studies on chlorophyll extraction from Spirulina have focused mainly on extracting the chlorophylls through the supercritical extraction process with different combinations of various parameters such as solvent ratio, temperature, pressure, etc. There were also several reports on obtaining fair amounts of chlorophylls from plant resources by optimizing those variables [14,15]. However, most of the optimal conditions were at relatively high temperatures of 60–80 °C, which would cause a severe reduction in efficacy due to low contents of intact chlorophylls in the extracts. In addition to these difficulties, most extraction solvents, such as acetone, methanol, ether, etc., of the optimized extraction processes in the reports are not edible but were used since they are proven to be more efficient in extracting the chlorophylls than ethanol. However, the use of those inedible solvents would also cause a restriction in applications for the food industry [16].



Ultrasonic extraction has most often been used to break down cell walls with high efficiency, but without additional heat that could deteriorate heat-labile bioactive substances in the biomass [7,17,18,19] because a high frequency of ultrasonic vibration with high power input will make many cavitation bubbles in an extraction solvent, and the shock waves and liquid jets generated by breaking the bubbles near the cell walls could effectively destruct hard cell membranes in a shorter time [19,20]. However, there are still several hurdles to employing ultrasonic extraction processes in industrial applications such as relatively large equipment and more process controls as well as the difficulties of continuously combining with other processes such as fermentation and heating processes, etc. [21]. Therefore, in this work, a more realistic extraction process that uses ethanol, an edible solvent, will be optimized at a relatively low temperature by employing a simple ultrasonification process, not combined with other processes, which will minimally break down the structure and efficacy of the chlorophyll. Moreover, unlike most other works on the optimization of extraction processes, this study not only determines the optimal conditions but also evaluates the new or better biological functions of the extracts from the optimized process by comparing with the extract from a conventional extraction process. Specifically, in this work, the neuroprotective effects of the extracts from an optimized process will be further studied since chlorophyll a is known to have strong antioxidant activities that could be related to neuroprotective activities [7,17], even though the exact correlation is not yet well understood.




2. Materials and Methods


2.1. Materials and Extraction of the Samples


Dried marine Spirulina maxima was provided by the Korea Institute of Oceanology Science and Technology (KIOST, Jeju Research Center, Korea). A conventional ethanol extraction process was used for the control; 100 g of S. maxima powder was extracted with 1 L of 70% ethanol at 80 °C for 24 h with a reflux condensing extractor. For the ultrasonic extraction, 100 g of dried powder was added to 1 L of 70% ethanol in an ultrasonic extractor (AUG-R3-900, ASIA ULTRASONIC, Bucheon, Korea) that was equipped with a multi-controlled oscillator for variable frequency and a transducer at the bottom of the extractor and a circulating water bath for maintaining constant temperature within the extracting vessel. The ultrasonic extractor was operated under the conditions of 20–100 kHz frequency at 120 W/cm2 of fixed power input by a power generator inside the extractor, a temperature of 30–70 °C and 1–5 h for the extraction times. The ranges of these parameters were determined from previous experiments. Then, the extracts were filtered by a membrane filter paper and concentrated by a rotary vacuum evaporator (N-N series, Eyela, Tokyo, Japan). After that, the concentrated liquid was freeze-dried as a powder and stored at −4 °C before the experiments.




2.2. Experimental Design


The optimization of chlorophyll a (Y) extraction was performed by the Response Surface Methodology (RSM). In Table 1, coded and uncoded values of the three independent variables, extraction time (X1, 1–5 h), temperature (X2, 30–70 °C) and ultrasonic frequency (X3, 20–100 kHz), were defined by Central Composite Design (CCD) at five levels with 20 experimental runs with three replicates.



Table 1. Estimation of chlorophyll a contents in the extracts by the central composite experimental design for response surface analysis.







	
Variables

	
Level




	
−2

	
−1

	
0

	
1

	
2




	
Extraction time X1 (h)

	
1

	
2

	
3

	
4

	
5




	
Temperature X2 (°C)

	
30

	
40

	
50

	
60

	
70




	
Frequency X3 (kHz)

	
20

	
40

	
60

	
80

	
100




	
Variables

	
Coded Variables

	
Uncoded Variables

	




	
X1

	
X2

	
X3

	
X1

	
X2

	
X3

	
Y (mg/g)




	
1

	
0

	
0

	
0

	
3

	
50

	
60

	
17.27 ± 2.01




	
2

	
1

	
1

	
1

	
4

	
60

	
80

	
16.52 ± 3.17




	
3

	
−1

	
−1

	
1

	
2

	
40

	
80

	
17.55 ± 5.93




	
4

	
1

	
−1

	
−1

	
4

	
40

	
40

	
18.09 ± 2.03




	
5

	
1

	
−1

	
1

	
4

	
40

	
80

	
17.69 ± 5.85




	
6

	
0

	
0

	
0

	
3

	
50

	
60

	
17.26 ± 3.11




	
7

	
0

	
0

	
−2

	
3

	
50

	
20

	
17.01 ± 4.90




	
8

	
−1

	
1

	
−1

	
2

	
60

	
40

	
16.12 ± 5.37




	
9

	
0

	
0

	
0

	
3

	
50

	
60

	
17.24 ± 2.21




	
10

	
0

	
0

	
0

	
3

	
50

	
60

	
17.22 ± 3.80




	
11

	
0

	
−2

	
0

	
3

	
30

	
60

	
17.44 ± 6.76




	
12

	
0

	
0

	
0

	
3

	
50

	
60

	
17.27 ± 2.18




	
13

	
0

	
0

	
2

	
3

	
50

	
100

	
17.04 ± 1.65




	
14

	
−1

	
−1

	
−1

	
2

	
40

	
40

	
17.63 ± 0.77




	
15

	
1

	
1

	
−1

	
4

	
60

	
40

	
16.65 ± 2.80




	
16

	
0

	
0

	
0

	
3

	
50

	
60

	
17.29 ± 4.51




	
17

	
−2

	
0

	
0

	
1

	
50

	
60

	
16.71 ± 3.99




	
18

	
−1

	
1

	
1

	
2

	
60

	
80

	
16.44 ± 2.70




	
19

	
0

	
2

	
0

	
3

	
70

	
60

	
15.05 ± 1.44




	
20

	
2

	
0

	
0

	
5

	
50

	
60

	
17.12 ± 3.30










A mathematical model corresponding to the design is as follows:
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(1)




where Y is an independent variable of the chlorophyll a contents in the extracts, β0 is the constant coefficient, βi is the linear coefficient for the main effect, βii is the quadratic coefficient, and βij is the interaction coefficient. The adequacies of the quadratic model were evaluated by the values of R2 between the experimental and predicted data. Various biological effects of the extracts from the optimized and conventional extraction conditions were further compared to reconfirm the validity of the experimental model [22].




2.3. Measurement of the Contents of Chlorophylls a in the Extracts


To estimate amounts of chlorophyll a in the extracts, High-Pressure Liquid Chromatography (HPLC, 500 Series, BIO-TEK, Winooski, VT, USA) was employed with C18 column (Jupiter C18 column, 4.6 × 250 mm, 5 um, 300A, 00G-4053-E0, Phenomenex, Torrance, CA, USA) under the following conditions: Acetonitrile : Methanol : Ethyl Acetate (6:2:2) as a mobile phase with isocratic condition at 1 mL/min of flow rate for 20 min, and then measured at 420 nm with a UV detector (BIO-TECK) by comparing with a standard of chlorophyll a (CAS#479-61, Research Chemicals, Toronto, ON, Canada) [23].




2.4. Antioxidant and Neuroprotective Activities of the Extracts


To measure the antioxidant activities of the extracts, the α,α-diphenyl-β-picrylhydrazyl (DPPH) free radical scavenging activity was employed by using the Dietz method [24]: After mixing 150 μL of 0.1 mM DPPH solution prepared with methanol as the solvent and 150 μL of the extract solution containing 100 μg/mL of the freeze-dried powder of the extract from each extraction process, the mixture was wrapped in foil to block light and left unattended for 30 min at room temperature. Thereafter, the optical density was measured at a wavelength of 517 nm by a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). The relevant values were estimated as DPPH radical scavenging activity (%). The Reactive Oxygen Species (ROS) contents of glutamate-induced mouse hippocampal neuronal cell line (HT22, ATCC, Manassas, VA, USA) were measured by the following method [25]: First, HT22 cells were plated on a 48-well plate at 4.0 × 103 cells/well and incubated at 37 °C for 24 h. Then, 1 µL of trolox, as a positive control, and 10 µL of glutamate were added. After that, 200 µL of the extract solution containing 100 μg/mL of the freeze-dried powder of the extract from each extraction process was added to a 96-well plate and further incubated in a CO2 incubator for 8 h. After that, 10 µM of 2′,7′-dichlorofluorescin diacetate (DCF-DA) was added to each well, and after 1 h of incubation, 1% Triton X-100 was also added to each well, and the absorbance of the solution was measured at the wavelengths of 488 and 530 nm. The neuroprotective activities of the extracts were observed by using 3-(4,5-dimethythiazo-2-yl)-2,5-dipheny-tetrazoliumbromide (MTT) assay method [25] as follows: HT22 cells were plated on a 96-well plate at 1.5 × 104 cells/well and cultivated in a CO2 incubator for 24 h. Then, either 10 µL of glutamate or no treatment was added to the plates for either glutamate-induced effects or control, respectively. After that, 200 µL of the extract solution containing 100 μg/mL of the freeze-dried powder of the extract from each extraction process were added to a 96-well plate and further incubated in a CO2 incubator for 24 h. After the cultivation, 5 μg/mL of MTT solution were added into each 96-well plate and allowed to react for 4 h. After the reaction, the supernatant in each well plate was removed, and 10 μL of acid-isopropanol (0.04 N HCl in isopropanol) were added to the well plate. The absorbance of the solution in a 96-well plate was measured by a microplate ELISA reader (Tecan, St. Louis, MO, USA) at 565 nm. Then, the ratio of final viable cell concentrations between non-treated cells as a control and glutamate-treated cells along with the addition of various concentrations of the extracts was expressed as Relative protection (%) in the data.




2.5. Statistical Analysis


All experiments were performed three times and expressed as the mean ± SD. Data were analyzed by the generalized linear model (GLM) procedure of the Statistical Analysis System (SAS, version 9.1, SAS Institute, Cary, NC, USA, 2004). The data were also analyzed by the one-way Analysis of Variance (ANOVA) test, and the mean values were considered significantly different at p < 0.05.





3. Results and Discussion


The contents of chlorophyll a (Y) for each experiment were estimated under the various extraction conditions designed by the CCD (Table 1).



In general, the amounts of chlorophyll a were increased the most by an increase in the frequency, followed by the process time; however, there was not much effect for an increase in the extraction temperature, possibly due to the destruction of the chlorophyll at higher temperatures. The highest chlorophyll a content, 18.09 (mg/g), was obtained for the extraction at 40 kHz and 40 °C for 4 h, and this value was much higher than 13.81 (mg/g) from a most conventional extraction process such as 70% ethanol at 80 °C for 24 h (data not shown). This concentration was also found to be higher than those reported from conventional extractions from Spirulina and even other plants [26,27]. This result strongly implies that the optimized ultrasonification extraction is an effective process for extracting chlorophyll a from natural resources, and the optimized conditions of this method can be expected to yield high amounts of intact chlorophyll.



Table 2 and Table 3 show the results of the ANOVA analysis and the RSM model, using the following equation:


Y = 13.749 + 0.8014X1 + 0.1448X2 + 0.0041X3 − 0.0653X12 − 0.0023X22 − 0.0001X32 + 0.0001X1X2 − 0.0048X1X3 + 0.0004X2X3,



(2)




where, the regression coefficient (R2) was 0.969, which indicates that this model is a good fit. The linear, quadratic and total model regressions were also highly significant (p < 0.001), except for the cross products such as X1X2 (p < 0.01), X1X3 (p < 0.01) and X2X3 (p < 0.05).



Table 2. Analysis of variance for chlorophyll a contents in the extracts of marine Spirulina maxima.







	
Factor 1

	
DF 2

	
Sum of Squares

	
F-Value






	
X1

	
4

	
0.323

	
0.15




	
X2

	
4

	
7.6606

	
45.96 ***,3




	
X3

	
4

	
0.055

	
0.02 *








1 X1: Process time (h), X2: Temperature (°C), X3: Frequency (kHz); 2 DF: degrees of freedom; 3,* Significant at p < 0.05, *** Significant at p < 0.001.








Table 3. The estimation of regression coefficients of the second-order polynomials for chlorophyll contents in the extracts.







	
Parameter 1

	
DF 2

	
Coefficient

	
t-Value

	
p-Value






	
Intercept

	
1

	
13.749

	
8.348

	
0




	
X1

	
1

	
0.8014

	
2.087

	
0.063




	
X2

	
1

	
0.1448

	
3.603

	
0.005




	
X3

	
1

	
0.0041

	
0.215

	
0.834




	
X1 X1

	
1

	
−0.0653

	
−2.045

	
0.068




	
X2 X2

	
1

	
0.0023

	
−7.286

	
0




	
X3 X3

	
1

	
−0.0001

	
−1.184

	
0.264




	
X1 X2

	
1

	
0.0001

	
0.022

	
0.983




	
X1 X3

	
1

	
−0.0048

	
−1.699

	
0.12




	
X2 X3

	
1

	
0.0004

	
1.478

	
0.17




	
R2 = 0.969








1 X1: Process time (h), X2: Temperature (°C), X3: Frequency (kHz); 2 DF: degrees of freedom.








Figure 1 also illustrates the three-dimensional response surfaces and contour plots for the chlorophyll a contents as a function of ultrasonic frequency, temperature and extraction time. As already demonstrated in Table 1, the amount of chlorophyll a in the extracts was most significantly increased with an increase in the frequency in the range of 20 to 40 kHz, and chlorophyll a also increased with an increase in the process time from 3 to 5 h, while chlorophyll a was less significantly increased with the increase of the temperature from 30 to 40 °C. This could be caused by the breakdown of the chlorophylls in Spirulina at higher temperatures since chlorophylls are known to be heat sensitive and similar data were also reported [28]. In contrast, the results clearly proved that ultrasonification is very effective in extracting heat labile components, requiring a lower process temperature and shorter process time. Similar results were also found elsewhere [28,29].


Figure 1. 3D response surfaces (a) and contour plots (b) as a function of ultrasonic frequency, temperature, and process time.
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To evaluate the predictive model, Table 4 shows the results of the determination of an optimal extraction condition by the ridge analysis (Minitab release 14.12.1, Minitab Inc., State College, PA, USA, 2004) compared with the values from the model with the experimental data. Under an optimal condition, 18.21 (mg/g) of maximum chlorophyll a contents was expected, and actually, from the experiment under the same extraction conditions, 17.98 ± 2.02 (mg/g) of chlorophyll a was measured, which indicates that the proposed model was well designed. The predicted concentration of the chlorophyll a from the optimized conditions was higher than all other concentrations obtained from 20 experiments in Table 1, which indicated that the optimization of the ultrasonic extraction seemed to be adequate and efficient in terms of yielding the highest chlorophyll a with a low input frequency, shorter process time, and low temperature. This highest content was also found to be even higher than other reported values from methanol and acetone extraction processes, etc. [12,30]. The final concentration of chlorophyll a estimated from an optimized process, 18.21 (mg/g), can also be compared with 13.18 (mg/g) from conventional ethanol extraction in terms of its productivity such as 3.72 vs. 0.55 (mg/g/h), respectively, since the extraction time of this process was much shorter than that of conventional extraction (4.91 vs. 24 h). This productivity was also higher than those from other experimental results in Table 1. Moreover, in comparing the final concentrations obtained from a conventional ethanol extraction and experimental extraction conditions in Table 1, the increase of chlorophyll a production through this optimized process must be greatly advantageous, increasing the purification yield and its biological activities as well as reducing the production costs since pure chlorophyll a is one of the most expensive natural substances and is difficult to purify with its intact forms [11,12].



Table 4. Predicted and experimented values of response variables processed under an optimal extraction condition.







	
Dependent Variables

	
Response Variables




	
Time (h)

	
Temperature (°C)

	
Frequency (kHz)

	
Predicted Value (mg/g)

	
Experimental Value (mg/g)






	
4.91

	
32.59

	
20.52

	
18.21

	
17.98 ± 2.02










As also shown in Figure 2, HPLC chromatograms confirmed that the extracts from the optimal process had a higher quality of chlorophyll a and other biologically active substances by comparing Figure 2b,c with the standard chlorophyll a in Figure 2a. We believe that these results confirm that the proposed extraction conditions can be used to extract good amounts of intact chlorophyll a from Spirulina by a simple ultrasonification process. Therefore, this process can be employed to have more highly purified but less expensive chlorophyll a than from the conventional extraction process, which gives low chlorophyll a extraction yields [11,12]. In addition to the extraction of high amounts of chlorophyll a from Spirulina, the efficacy of the extracts should also be considered to re-confirm the optimal extraction conditions, a result that could be used to expand the utilization of the extracts.


Figure 2. Comparison of High-Pressure Liquid Chromatography (HPLC) analysis of chlorophyll a contents by different extraction conditions. (a) Standard (chlorophyll a); (b) optimal extraction conditions; (c) conventional extraction conditions.
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First, Figure 3 demonstrates that higher amounts of chlorophyll a reflect better neuroprotective activities of the extract from optimal extraction conditions than from a conventional ethanol extraction at high temperature and with a long process time. In particular, the extract from the optimal conditions enhanced the growth of the glutamate-induced mouse hippocampal neuronal cell line compared to that from a conventional ethanol process: 90.71 ± 2.13% vs. 73.01 ± 0.03% of the cell growth protection for the control with the addition of 100 (μg/mL) of the extracts.


Figure 3. Comparison of the neuroprotective activities of the extracts from the optimal extraction process and a conventional 70% ethanol extraction process by the growth of the glutamate-induced mouse hippocampal neuronal cell line (HT22). * Significant at p < 0.05, *** Significant at p < 0.001.
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As shown in Figure 4, the extract from the optimal conditions also greatly reduced the production of Reactive Oxygen Species (ROS) from the glutamate-induced mouse hippocampal neuronal cells compared to the same amount of the extract from a conventional ethanol extraction because the increase of ROS production is very closely related to oxidative stress within the cells and also indicates the lowest neuroprotective activity [31,32]. These neuroprotective activities were found to be better than those of other natural resources such as Aronia melanocarpa and Codonopsis lanceolata [31,32].


Figure 4. The reduction in Reactive Oxygen Species (ROS) production from the glutamate-induced mouse hippocampal neuronal cell line (HT22) by the addition of 100 (μg/mL) of the extracts from the optimal extraction conditions and a conventional extraction process. ** Significant at p < 0.01, *** Significant at p < 0.001.
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Figure 5 compares the antioxidant activities of the extracts from a conventional extraction condition, 70% ethanol at 8 °C for 24 h, and the extract from the optimal conditions of the proposed model. Figure 4 clearly illustrates that the extract from the optimal conditions had higher DPPH radical scavenging activities than that from a conventional process, 69.38 ± 4.13% vs. 58.25 ± 5.23%, respectively. Higher biological activities shown in Figure 3, Figure 4 and Figure 5 could be attributed by synergistic effects of higher amounts of chlorophyll a and also other bioactive substances in the extract from the optimal condition since this extract contained more biologically active substances than the extract from the conventional process, as already shown in Figure 2. More detailed studies on the effects of chlorophyll a on the neuroprotective activities of the extracts should be undertaken. However, in general this result would suggest that S. maxima extract from proper extraction conditions is a promising candidate for a functional food to prevent memory impairment and related diseases by enhancing neuroprotective activities through an optimal extraction processes due to the high concentrations of chlorophylls and other bioactive components in the optimized extract.


Figure 5. The α,α-diphenyl-β-picrylhydrazyl (DPPH) radical scavenging activity of the extracts from the optimal extraction conditions and a conventional extraction process.
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4. Conclusions


In this work, it was first shown that the optimization of a simple ultrasonic extraction process can obtain high amounts of heat-labile chlorophyll a from the marine alga Spirulina maxima by combining with input frequency, process time and temperature, etc., which has not been considered much compared with other extraction conditions. This work proved that the ultrasonic frequency and process time are more important for chlorophyll a extraction than the process temperature, as much of the chlorophyll a would also be degraded at high temperature. It can also be expected that the optimized process helps to reduce purification steps to obtain pure chlorophyll a since most of the chlorophylls in the extracts existed in the form of chlorophyll a. It was also first reported that the optimization of extraction variables can not only result in the extraction of high yield but also can maintain the high efficacy of the extracts with high concentrations of intact chlorophyll a and other biologically active substances. This hypothesis was confirmed by showing the higher neuroprotective activities of the extracts from the optimized extraction condition. Therefore, we can see that Spirulina extract from an optimal condition with high concentrations of chlorophyll a can be developed as a functional food for preventing memory impairment and related diseases, and also possibly employed for processing other heat-sensitive bioactive substances from natural resources.
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