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Abstract:



Featured Application


This non-thermal process could be applied to extract heat sensitive natural resources.




Abstract


This study is the first to show that a simple high-pressure homogenization process (HP) could extract very heat-sensitive chlorophyll from a marine alga, Spirulina platensis. Up to 9.85 mg/g was produced at an optimal input pressure of 650 bar with a shear stress of approximately 20,000 (1/s) compared to 5.27 mg/g from conventional 70% ethanol extraction (EE) at 40 °C for 24 h. However, a higher input pressure did not increase the extraction yield and in fact decreased it, possibly due to the destruction of chlorophyll a at a high shear stress of approximately 50,000 (1/s) under 1370 bar of input pressure. Chlorophyll a and other components of the extract had additive effects, showing higher antioxidant activities of ca. 56% of DPPH radical scavenging activities than 10 μg/mL chlorophyll a alone, which corresponded to the same chlorophyll a content that existed in the extract. It was also confirmed that the high antioxidant activities of the HP extract reduced the production of reactive oxygen species (ROS) from glutamate-induced HT22 cells, which resulted in increased neuroprotective activity compared to EE and even chlorophyll a alone, in addition to effectively reducing the release of Ca2+ from nerve cells.
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1. Introduction


Spirulina, commonly called ‘space food’, which has been used for astronauts in National Aeronautics and Space Administration (NASA) projects [1], is considered a high-quality food and/or dietary supplement for humans because it contains large amounts of high-quality protein and many lipids and bioactive substances [2,3]. Therefore, Spirulina has been studied mostly to investigate its biological activity and to develop processing technologies to upgrade its quality. However, to date, most Spirulina consumed worldwide has been in the form of simple dried powders in spite of their unpalatable flavors, as most bioactive components of Spirulina, such as C-phycocyanin (C-PC), xanthophylls, and chlorophylls, are extremely unstable and especially susceptible to heat [4,5]. That is why, in processing Spirulina, minimal heat should be applied; however, the use of less heat to process natural resources that contain Spirulina inevitably reduces the production yield as well as the biological activity of the products. Therefore, several low-heat extraction processes have been introduced for Spirulina, such as processes with simple and/or combined ultrasonic extraction, enzymatic hydrolysis, and various extraction solvents, which are carried out strictly at low temperatures [6,7]. In extracting various bioactive components of Spirulina by employing the above technologies, C-PC and chlorophylls are most often the focus, since Spirulina sp. is known to contain fairly high amounts of C-PC compared to many other microalgae. Chlorophyll and C-PC have many biological effects, such as anti-cancer, anti-aging, anti-inflammatory and antioxidant activity effects [8,9]. Additionally, Spirulina provides the pure intact form of chlorophyll a at the lowest production costs, since most of the chlorophyll (approximately 90%) that exists in Spirulina is in the form of chlorophyll a [10,11]. In particular, the demand for chlorophyll a has recently increased because its biological activity, such as antioxidant activity, is considered to be higher than that of other chlorophylls, such as chlorophyll b or c [12]. However, the abundant chlorophyll in plants is a mixture of chlorophyll a, b, and c, which would increase the cost of extracting and purifying chlorophyll a from plant sources.



Therefore, in this work, to obtain high amounts of heat-labile chlorophyll a from Spirulina, we developed a unique low-temperature extraction process employing high-pressure homogenization (HP). The ultrasonic extraction process has several disadvantages when scaled up, and in general, it requires the installation of more equipment than is required for conventional solvent extraction processes with water, ethanol, or other substances. Ultrasonic extraction also needs to be combined with other processes, although it has been shown to be effective in processing natural products at a low temperature [13,14]. In general, HP has been used mostly for mixing hydrophobic and hydrophilic components in solution for the cosmetic and food industries by applying a high input pressure of 10,000–30,000 psi, and this process was shown to be more effective than a simple mixing process [15]. In addition to the original application of HP, in this work, the HP process was applied to extract chlorophyll a from Spirulina at room temperature in a very short period of time, i.e., 5–10 min, since the process can easily break down the hard cell walls by applying a high shear stress only to the cells that pass through a very small orifice, approximately 70 μm in diameter, with a high pressure of 10,000–30,000 psi [16,17]. Very high shear forces can easily destroy the cell membranes of Spirulina and consequently release chlorophyll a into the extraction solution without any additional effort. Thus, the extracts from this process contain large amounts of intact chlorophyll a. This chlorophyll a content is expected to enhance the biological activity of the extracts from the high-pressure homogenization process compared to those from conventional extraction processes, i.e., 70% ethanol extraction at 40 °C, and perform even better than ultrasonic extraction. In this work, in addition to the extraction yields of chlorophyll a by HP, the extracts will also be compared with those from other processes in terms of neuroprotective activity, since these results can be applied to expand the use of Spirulina extracts, which may mean people will not need to ingest the whole cell powder.




2. Materials and Methods


2.1. Preparation of the Samples


First, for the control process of 70% ethanol extraction (EE), 100 g of dried Spirulina platensis powder (Pure Hawaiian Spirulina Pacifica®, Nutrex, Kailua, HI, USA) was extracted in a 1 L reflux extractor with 1 L of 70% ethanol at 40 °C for 24 h. Then, the extract was concentrated with a rotary vacuum evaporator (Rotary Vacuum Evaporator N-N series, EYELA, Rikakikai Co., Tokyo, Japan) and freeze dried with a lyophilizer (PVTFA 10AT, ILSIN, Suwon, Korea). For high-pressure homogenization extraction (HP), 100 g of dried S. platensis was first mixed with 1 L of 70% ethanol, and the mixture was fed into a high-pressure homogenizer with a Y-type cell that had an orifice approximately 70 μm in diameter through which to pass the samples (high-pressure processor; MN400BF; PiCOMAX, Seoul, Korea) under various input pressures from 350 bar to 1500 bar. Then, the extracts that passed through under each input pressure were collected from the outlet of the homogenizer, and the extract was also concentrated and freeze dried by the same procedure used to prepare the EE. The powders from each process were stored at −20 °C before use. In addition to preparing the extracts, we observed the structural changes in Spirulina before and after passing through a high-pressure homogenizer and imaged both stages with a scanning electron microscope (SEM, XL 30, Philips, Amsterdam, The Netherlands) as follows [18]: The sample slices were washed three times for 2 min each using 0.05 M sodium cacodylate buffer (pH 7.2), fixed with 1% osmium tetroxide solution for 2 h at 4 °C, and washed two times with tertiary distilled water at room temperature. The fixed samples were dehydrated in 30%, 50%, 70%, 80%, and 90% ethanol for 10 min each and in 100% ethanol three times for 10 min each. After dehydration, the samples were mounted on metal stubs for two periods of transition for 15 min each using 100% propylene oxide, coated with gold using a sputter coater (Agar Scientific Ltd., Essex, UK), and observed with a scanning electron microscope (SEM, Philips XL30E, Danville, KY, USA).




2.2. Determination of the Chlorophyll a Content of the Extracts


High-performance liquid chromatography (HPLC, 500 Series, BIO-TEK, Milan, Italy) with a C18 column (4.6 × 250 mm, 5 μm, Jupiter, Phenomenex, Torrance, CA, USA) was used to measure the amounts of chlorophyll a in the extracts from each extraction process as follows [19]: acetonitrile:methanol:ethyl acetate (6:2:2) was used as the mobile phase under isocratic conditions at a flow rate of 1 mL/min for 20 min, and measurements were taken at 420 nm with a UV detector (BIO-TECK) against a chlorophyll a standard (CAS#479-61, Research Chemicals, Toronto, ON, Canada).




2.3. Measurement of Antioxidant Activity of the Extracts


DPPH (α,α-diphenyl-β-picrylhydrazyl) radical scavenging activity was measured as an indicator of the antioxidant activity of the extracts [20], as follows: 150 μL of 0.1 mM DPPH solution in an ethanol solvent was mixed with 150 μL of S. platensis extract at a concentration adjusted to 0.1, 0.5, or 1.0 mg/mL or 10 μg/mL of chlorophyll a as a positive control in each well of a 96-well plate. The 96-well plate was then left unattended for 20 min in a dark room at 25 °C, and the optical density (O.D.) of each mixture was measured at a wavelength of 525 nm using the following Equation (1).


DPPH radical scavenging activity (%) = (Control O.D. − Sample O.D.)/(Control O.D.) × 100



(1)








2.4. Measurement of Neuroprotective Activity of the Extracts


To observe the neuroprotective activities of the extracts, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay method was used as follows [21]: First, cells from the HT22 mouse hippocampal cell line (ATCC, Manassas, VA, USA) were inoculated into a well of a 96-well plate at 1.5 × 104 cells/well. The cells were divided into an experimental group treated with glutamate and another experimental group that was not treated with glutamate. After 200 μL of S. platensis extract at each concentration or 1 μg/mL of chlorophyll a as a positive control was added to the cells, the cells were cultured for 24 h in a CO2 incubator. Subsequently, an MTT solution at a concentration of 5 μg/mL was added to each well, and the supernatant was removed after 4 h. Finally, 10 μL of acid-isopropanol solution (0.04 N HCl in isopropanol) was added to the solution to complete the reaction. The final absorbance of the solution was measured at 565 nm using a microplate reader (Tecan, San Jose, CA, USA). To confirm the neuroprotective effects associated with the antioxidant activity of the extracts, we measured the decrease in reactive oxygen species (ROS) production by HT22 cells by applying various concentrations of the extracts, as follows [21]: HT22 cells were plated in a 48-well plate at 1.5 × 104 cells/well and incubated at 37 °C for 24 h. After the cell cultures were established, each S. platensis extract sample and 10 μL of glutamate were added and further incubated for 8 h. As positive controls, 1 μM Trolox and 1 μg/mL chlorophyll a were administered. Then, 10 µM of 2′,7′-dichlorofluorescin diacetate (DCF-DA) was added to each well and incubated for 1 h. Finally, 1% Triton X-100 was added to each well, and the solutions were measured at wavelengths of 488 nm and 530 nm. In addition to the measurement of ROS production, the production of Ca2+ ions by HT22 cells was measured as follows [22]: Calcium ion (Ca2+) release from HT22 cells was measured using Fura-2AM. Before the cells were harvested, each sample was treated with Trolox (positive control) and glutamate followed by the addition of 2 μM Fura-2AM. After 2 h, the cells were washed with PBS and treated with 1% Triton X-100. Calcium ions (Ca2+) were measured using a fluorescence analyzer at an excitation wavelength of 400 nm and an emission wavelength of 535 nm.




2.5. Statistical Analysis


All of the experiments were carried out at least three times and are shown as the mean ± SEM (standard error of the mean). A Student’s t-test and one-way analysis of variance (ANOVA) were performed with the Statistical Analysis System (SAS, Cary, NC, USA), and the significance level was set to p < 0.05, p < 0.01, and p < 0.001.





3. Results


3.1. Comparison of Chlorophyll a Contents of Extracts and Morphology of Spirulina with and without High-Pressure Homogenization


Figure 1 shows the chromatograms constructed by analyzing two extracts against a chlorophyll a standard by HPLC. The amounts of chlorophyll a in the extracts from the conventional ethanol extraction and high-pressure homogenization with various input pressures were also compared and are shown in Table 1. The extract with the highest content of chlorophyll a, at 9.85 mg/g, was the extract processed at 690 bar with a shear stress of approximately 20,000 (1/s) applied in passing through an orifice of 70 μm diameter at a flow rate of 150 cm3/min at room temperature (HP-2).


Figure 1. Comparison of HPLC chromatograms of chlorophyll a from different extraction conditions: (a) Standard chlorophyll a; (b) High-pressure homogenization at 690 bar and room temperature; (c) 70% ethanol extraction at 40 °C for 24 h.
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Table 1. Estimation of chlorophyll a contents from Spirulina platnesis in the extracts from various extraction conditions.





	Extraction Process
	Chlorophyll a Contents (mg/g)





	EE 1
	5.27 ± 1.73



	HP-1 2
	4.24 ± 2.61 *



	HP-2 3
	9.85 ± 1.41 ***



	HP-3 4
	6.32 ± 3.09 *







1 EE: conventional 70% ethanol extraction at 40 °C for 24 h. 2 HP-1: high-pressure homogenization at 350 bar and room temperature. 3 HP-2: high-pressure homogenization at 690 bar and room temperature. 4 HP-3: high-pressure homogenization at 1370 bar and room temperature. Values are presented as means ± SD; * p < 0.05, and *** p < 0.001 compared with the EE.








Interestingly, however, the extract processed at the high pressure of 1370 bar with the very high shear stress of approximately 50,000 (1/s) (HP-3) contained 6.32 mg/g of chlorophyll a, which was much lower than the 9.85 mg/g obtained with HP-2 at 690 bar. At a lower input pressure of 350 bar (HP-1), the extract had only 4.24 mg/g of chlorophyll a, which was also lower than the yield from the conventional process.



Additionally, the electron micrographs of Spirulina support the above results and the hypothesis by illustrating the structural changes in Spirulina before (a) and after (b, c, and d) homogenization under pressures of 350, 690, and 1370 bar, respectively. In contrast to untreated Spirulina (Figure 2a), most Spirulina in Figure 2c had their cell walls substantially disrupted after being processed at 690 bar; however, 350 bar of input pressure was not sufficient to break all of the membranes and cell walls of Spirulina (Figure 2b).


Figure 2. SEM images of Spirulina platensis through a high-pressure homogenization under various input pressures: (a) control (with no treatment); (b) 350 bar; (c) 690 bar; (d) 1370 bar.
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Consequently, the yield of chlorophyll a from extraction at 350 bar was lower than the yields from extraction at 670 and 1370 bar and even from conventional 70% EE as shown in Table 1. However, Figure 2d illustrates that, at 1370 bar, which was the highest pressure, most of the cell membranes and other organs within the cells were completely destroyed, which suggests that intact chlorophyll a within the cells was degraded as well due to a very high shear stress at a high input pressure.




3.2. Measurement of Antioxidant Effects of the Extracts Using Two Different Extraction Processes


As shown in Table 1 and Figure 1 and Figure 2, high-pressure homogenization was shown to be an effective nonthermal process for obtaining intact chlorophyll a from Spirulina. To confirm the high quality of the extract from this process, which contained very high amounts of chlorophyll a, the neuroprotective activity of HP extract was compared to that of the conventional ethanol extract as well as the efficacy of chlorophyll a itself as a positive control.



Figure 3 compares the antioxidant activity of the extracts from two different processes and chlorophyll a alone, since chlorophyll a is known to have very strong antioxidant activity and the neuroprotective effects of products are known to be closely correlated with antioxidant activity [12,23]. The HP extract showed strong antioxidant effects, with 56% DPPH scavenging activity, exceeding the effects of the ethanol extract. The activity of the HP extract was even higher than the 42.11% DPPH scavenging activity of 10 μg/mL chlorophyll a, which was the same chlorophyll a concentration found in HP-2 as estimated in Table 1.


Figure 3. DPPH radical scavenging activities of the extracts from two different processes: 70% ethanol extraction at 40 °C for 24 h (EE) and high-pressure homogenization at 650 bar and room temperature (HP). Values are presented as means ± SD; * p < 0.05, and ** p < 0.01 compared with the group of treating ascorbic acid.
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3.3. Neuroprotective Activities of the Extracts from Different Extraction Processes


Figure 4 compares the effects of extracts taken by two different methods (EE and HP) and a chlorophyll a positive control in terms of protecting glutamate-treated HT22 cells from neuronal damage. Analogously to the antioxidant activity of the extracts, HP showed the highest neuroprotection, with 89.38% nerve cell survival compared to 78.47% with 100 μg/mL of the EE product, even exceeding the effect of 1 μg/mL chlorophyll a, which is the same concentration that existed in the HP extract. These results also strongly indicated that chlorophyll a must play an important role in protecting cell growth against damage by glutamate, since the HP product contained higher amounts of chlorophyll a than that of EE.


Figure 4. Neuroprotective effects of the extracts on the growth of glutamate-induced HT22 cells: 70% ethanol extraction at 40 °C for 24 h (EE) and high-pressure homogenization at 650 bar and room temperature (HP). Values are presented as means ± SD; * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the group of treating glutamate.
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3.4. Inhibition of Oxidative Stress on HT22 Cells by the Extracts


To more clearly demonstrate the neuroprotective effects of the HP extract, Figure 5 shows a comparison of ROS production by glutamate-exposed HT22 cells treated with HP extract, ethanol extract, or chlorophyll a.


Figure 5. Reduction of reactive oxygen species (ROS) production from glutamate-induced HT22 cells treated by the extracts: 70% ethanol extraction at 40 °C for 24 h (EE) and high-pressure homogenization at 650 bar and room temperature (HP). Values are presented as means ± SD; * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the group of treating glutamate.
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Again, the HP extract showed higher inhibition of ROS production than the EE product or chlorophyll a alone. The data in Figure 6 also confirm that the HP extract decreased the release of Ca2+ from glutamate-exposed mouse hippocampal neuronal cells and that it inhibited oxidative stress as shown in Figure 5. In general, the HP product consistently showed the highest mitigating effect on the release of Ca2+ ions, which exceeded the effects of the EE product and chlorophyll a. For most neuroprotective activities, 1 μg/mL of chlorophyll a was shown to have relatively better efficacy than the ethanol extract, and its activity was also found to be greater than that of other chlorophylls, such as chlorophyll b or c from plant sources [24].


Figure 6. Comparison of the levels of Ca2+ in glutamate-induced HT22 cells treated with the extracts and chlorophyll a: 70% ethanol extraction at 40 °C for 24 h (EE) and high-pressure homogenization at 650 bar and room temperature (HP). Values are presented as means ± SD; * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the group of treating glutamate.
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4. Discussion


The HPLC peak intensity and areas clearly showed that the high-pressure homogenization process at 690 bar yielded substantial amounts of intact chlorophyll a, which was identified by its retention time compared to a standard, while the ethanol extract had very small peak areas. The concentration of chlorophyll a achieved by HP was very high compared to the results from other works, which ranged from 1.2 mg/g to 9.3 mg/g chlorophyll a under various extraction conditions [4,7,25] and, in particular, was much higher than the 5.27 mg/g achieved by conventional 70% EE as a control. These results suggest that there must be an optimal operating pressure for obtaining the maximal amount of chlorophyll a from high-pressure homogenization, since some of the chlorophyll a within Spirulina could be destroyed at the extremely high shear stress of approximately 50,000 (1/h) generated by 1370 bar of input pressure. This potential degradation of chlorophylls explains why the chlorophyll a content of HP-3 was lower than that of HP-2 but was higher than that of EE or HP-1. This result is also supported by other research showing that the cell walls of Spirulina are not as rigid as those of plants [26]. In addition to this result, only a small yield of chlorophyll a was achieved at a low pressure of 350 bar (HP-1), possibly because the cell walls of Spirulina were not completely broken at this low shear stress and consequently did not allow large amounts of chlorophyll to diffuse into the solvent in the relatively short extraction time. Therefore, a simple high-pressure homogenization process can greatly increase the extraction yield of chlorophyll a by efficiently disrupting the structure of Spirulina under an optimal input pressure. When processed at 350 bar, many of the cells remained intact, which explains why the yield of chlorophyll a was lower at that pressure than at 690 bar. Therefore, the results shown in these figures confirmed the results shown in Table 1, which indicated that there must be an optimal input pressure when employing high-pressure homogenization to obtain chlorophyll a from Spirulina. In this work, 690 bar emerged as a preliminary optimal pressure, which easily released chlorophyll a from the biomass within a very short time even at room temperature, when the intact chlorophyll a content and neuroprotective effects of extracts were compared across three different levels of input pressures such as 350, 690, and 1370 bar. However, more exact optimal conditions should be determined with greater accuracy by optimizing many effective parameters of high-pressure homogenization in processing Spirulina sp. Other works observed similar effects of high-pressure homogenization, finding that it easily broke down the structures of the biomass [16,17]. These results were very interesting and constituted a starting point for applying this unique process to extract other components from natural resources. Our results concerning antioxidant activity strongly indicated that the HP extract had higher antioxidant activity than chlorophyll a alone even at the same dosage, possibly due to additive effects of other components in the HP extract. By contrast, the EE extract showed lower antioxidant effects than 10 μg/mL of chlorophyll a alone because the EE yield was not high enough for there to be 10 μg/mL of chlorophyll a in the extract and there were not enough other bioactive components. These results demonstrated that the extract from a simple high-pressure homogenization had higher antioxidant activity than the EE extract or even chlorophyll a alone, which meant that the HP extract was expected to show strong neuroprotective effects as well. The neuroprotection results also strongly indicated that chlorophyll a must play an important role in protecting cell growth against damage by glutamate, since the HP extract contained higher amounts of chlorophyll a than the ethanol extract did. Similar results concerning the neuroprotective effects of chlorophylls from plant sources were also reported in other works [23]; however, those mixed chlorophylls seemed to be less effective than chlorophyll a in this work and were much less effective than the HP extract as well. For the protection of nerve cells, chlorophyll a might be more efficacious than other chlorophylls. We can confidently conclude that the stronger effects of HP extract are attributable at least in part to higher amounts of chlorophyll a, but it is still controversial whether the difference can be explained entirely by chlorophyll a, since the HP extract contained other bioactive substances as well. Instead, it appears that the neuroprotective activity of HP was caused by additive effects of various biologically active substances in the extract, including but not limited to chlorophyll a, as already confirmed by the analysis of antioxidant activities [12,23]. This result confirmed other results showing that high antioxidant activity could be closely related to protection against oxidative stress, which resulted in neuroprotective activity [27,28]. The HP extract achieved higher reduction of ROS production than the same concentration of chlorophyll a that existed in the HP, and it was even better than those of other extracts, such as 97.45% in Bozhougyiqi-tang and 97.41% in Nelumbo nucifera seed [29,30]. These results also supported the hypothesis that the extract from high-pressure homogenization was superior to chlorophyll a alone or other extracts, possibly due to high amounts of various bioactive substances along with a high content of chlorophyll a in the HP extract. The results of this work clearly demonstrated that the strong neuroprotective activity of the HP extract was caused mainly by additive effects, not chlorophyll a alone, and that the high-pressure homogenization process can yield many biologically active components in quantities not achieved by conventional processes. Similar results from other works also support these findings [17]. Therefore, this work leads to the rational conclusion that an effective extraction process must be developed to obtain extracts with good biological activity, which can also help to reduce the complex purification process of crude extracts. In this work, the neuroprotective effects of chlorophyll a were also confirmed for the first time, although mixtures of chlorophyll a, b, and c or total chlorophylls from various biomass sources have shown several types of neuroprotective activity [12,23,24]. Moreover, this work clearly showed that the neuroprotective activity of the HP extract was caused mainly by increased antioxidant activity and consequent reduction of oxidative stress by antioxidant activity, with cascading protective effects on mouse hippocampal neuronal cells. However, more comprehensive in vivo and ex vivo experiments on the extracts from this unique process should also be conducted to better confirm the possibility of employing this process to easily upgrade the quality of extracts in various industrial fields.




5. Conclusions


This work demonstrated that the high-pressure homogenization process, which has been used mainly for mixing hydrophobic and hydrophilic components, could be employed to effectively break down the structure of S. platensis. First, this process showed the ability to greatly increase the extraction yield of chlorophyll a and other bioactive substances using a simple and easily scaled-up method. Additionally, this unique extraction process was found to be very effective in extracting chlorophyll a from Spirulina at a low temperature, which is beneficial because the major chlorophyll in Spirulina is the extremely heat-sensitive chlorophyll a. Therefore, the extract from this process showed very high antioxidant activity through the additive effects of large amounts of chlorophyll a and other biologically active components in the extract, which effectively reduced oxidative stress in mouse hippocampal neuronal cells and consequently protected them from neuronal damage due to glutamate. It was also shown for the first time that chlorophyll a had greater neuroprotective activity and efficacy than other chlorophylls from plant sources. Moreover, the crude extracts from a high-pressure extraction process had greater neuroprotective activity than chlorophyll a alone in that chlorophyll a was less efficacious than crude extract containing the same amounts of chlorophyll a, possibly due to the additive effects of other substances extracted by the HP process. In conclusion, these results clearly confirmed that the high neuroprotective effects of the HP extract were caused mainly by the additive efficacy of abundant intact chlorophyll a and other bioactive components in the extract even at a low temperature. It was also shown that the neuroprotective activity of the extracts was strongly associated with high antioxidant activity. Therefore, the results of this work will be employed to expand the use of a nonthermal extraction process to obtain heat-sensitive components from natural resources.
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