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Abstract

:

Cobia, Rachycentron canadum, is a medium-size marine fish with emerging global potential for offshore aquaculture. The processing waste, cobia liver, is a raw material rich in polyunsaturated fatty acid oils. In this study, an environmentally friendly green process, aqueous extraction (AE), was used to extract the cobia liver oil. The effect of cooking time and substrate water ratio on the oil extractability was investigated herein. The cooking time of 15 min, and substrate water ratio of 1:2 obtained the highest extraction efficiency. However, the oil extractability was only 18.8%. Thus, enzyme-assisted aqueous extraction (EAAE) was used to increase oil extractability and recovery of protein hydrolysates. The commercial proteases—including alcalase, papain, trypsin, and pepsin—were employed in pretreated cobia liver in order to increase oil release during AE. The EAAE results showed that maximum oil extractability was 38% by papain pretreatment. EAAE greatly improved the extraction efficiency; the oil extractability was double than that of AE (18.8%). The fatty acid profiles revealed that ω-3 polyunsaturated fatty acid contents of extracted oil obtained from AE and EAAE were 21.3% and 19.5%, respectively. Besides, the cobia liver hydrolysates obtained from EAAE by alcalase, papain, pepsin, and trypsin pretreatment showed scavenge DPPH radical activity with EC50 values of 0.92, 1.03, 0.83, and 0.53 mg, respectively. After in vitro simulated gastrointestinal digestion, the protein hydrolysates exhibited scavenge DPPH radical activity with EC50 values of 1.15, 1.55, 0.98, and 0.76 mg for alcalase, papain, pepsin, and trypsin, respectively. The study showed that the EAAE process can be used for extracting fish oil from fish waste while simultaneously obtaining the protein hydrolysates with antioxidant activity.






Keywords:


enzyme-assisted aqueous extraction; proteases; fish oil extraction; fish protein hydrolysates; antioxidant activity; simulated gastrointestinal digestion












1. Introduction


Cobia, Rachycentron canadum, is a medium-size marine fish, widely distributed in warm-temperate to tropical waters around the world. Cobia has a high economic value due to its rapid growth and suitability for being cultured in offshore grow-out cages [1,2]. At present, cobia have undergone aquaculture in Asia, Southeast Asia, the United States of America, and South America [3]. Cobia are mainly processed into fillets for market sales. The contents of cobia liver, a by-product after fillet processing, possess a high amount of fat, a potential source of fish oil [4]. Fish oil contains long-chain n-3 polyunsaturated fatty acids (PUFAs), especially eicosapentaenoic acid (EPA; C20:5) and docosahexaenoic acid (DHA; C22:6) [5]. The n-3 PUFAs provide great benefits for human health and have important physiological functions, including the prevention of cardiovascular diseases [6,7], improvement of non-alcoholic fatty liver [8,9], anti-inflammatory efficacy [10], and treatment of rheumatoid arthritis [11].



The general methods for extracting fish oil include: Organic solvent extraction [12], pressing method [13], ultrasound-assisted extraction [14], aqueous extraction [15], supercritical carbon dioxide extraction [16], and microwave-assisted extraction [17]. Among these methods, aqueous extraction (AE) is a simple and green process due to its elimination of the problems associated with the use of organic solvents, while possibly improving the oil quality as well [15]. Aqueous extraction uses heating to denature proteins, causing tissue destruction and the subsequent release of the oil. However, compared to solvent extraction, the efficiency of aqueous extraction is lower due to the low solubility of oil in water. An alternative process is using enzyme to enhance the aqueous extraction in order to improve the extraction efficiency of aqueous extraction. The enzyme can disrupt animal or plant tissues, which can accelerate the release of target substances in the aqueous extraction thereby increasing the extraction yield [18]. At present, enzyme-assisted aqueous extraction (EAAE) is often used in the extraction of active ingredients from plants or animals by using cellulase [19,20], pectinase [21], hemicellulase [22], and protease [23]. Many vegetable oils have been extracted by using EAAE, such as sesame oil [24], almond oil [25], soybean oil [26], and peanut oil [27]. However, there is little information available on the use of EAAE for fish oil extraction.



The EAAE process of employing protease on pretreated fish tissue can improve the release of intracellular lipids and simultaneously obtain protein hydrolysates in the aqueous phase. In recent years, many studies have reported that the protein hydrolysates possess antioxidant activity [28,29]. The protein hydrolysates obtained from the hydrolysis of Alaska cod skin by complex protease (protamex) has DPPH free radical scavenging, reducing power, and antioxidant activity [30]; monkfish liver hydrolysate has been demonstrated to have anti-fatigue and antioxidant activity [31]; tuna liver hydrolysates obtained by hydrolysis with flavourzyme have antioxidant activity to protect DNA from oxidative damage induced by hydroxyl free radicals (·OH) [32,33]. However, there is no related research on the cobia liver hydrolysates obtained by protease hydrolysis. Several commercial proteases from animal, plant, or microbial sources can be used for this purpose, such as pepsin [34], papain [35], alcalase [36], and trypsin [37]. The enzymatic proteolysis used in aqueous extraction has considerable importance in improving the extraction efficiency. So far, the effects of proteases on the simultaneous extraction of fish oil and derivation of protein hydrolysates from cobia liver by using EAAE have not been reported.



The objective of this study is to investigate the effect of different proteases used in the EAAE process on the extraction yield of fish oil. Alcalase, papain, pepsin, and trypsin were employed to pretreat cobia liver before AE. The process factors affecting the EAAE of cobia liver oil were investigated herein. The cobia liver oils obtained from EAAE and AE processes were compared. In addition, the protein hydrolysates obtained from EAAE were recovered and their antioxidant activities were measured by in vitro simulated gastro-intestinal digestion.




2. Results and Discussions


2.1. Optimal Conditions of Aqueous Extraction


AE methods of cobia liver oil were performed at a temperature of 95 °C and substrate water ratio (cobia liver:water) of 1:1.5 (w/w). After cooking for 10 to 30 min, the solution was cooled down to room temperature and centrifuged at 8000 rpm for 20 min. The fish oil on the upper layer was collected and weighed. The effect of cooking time on oil extractability is shown in Figure 1a. The oil extractability increased from 9.5 ± 0.5% to 16.2 ± 0.6% when the cooking time increased from 10 to 15 min. Increasing cooking time after 15 min had no significant impact on the extraction yield, indicating that cooking for 15 min was sufficient for aqueous extraction of fish oil. The effect of substrate water ratio was investigated at a temperature of 95 °C and cooking for 15 min. The result is shown in Figure 1b: the substrate water ratio at 1:2 shows the best result with 18.8% oil extractability. However, the cobia liver contains 48% fat, indicating that about two-thirds of the cobia liver oil was not extracted under the best conditions of AE. The AE with a low yield and less effective is due to water takes long to degrade the cell wall of oil-bearing material [38]. Therefore, extraction time of 15 min and substrate water ratio of 1:2 were used in the EAAE for studying the effect of proteases pretreatment on enhancing extraction efficiency.




2.2. Effects of Different Proteases Pretreatment on Oil Extractability


In order to improve the efficiency of AE, EAAE was employed in this study. The EAAE process hydrolyzes cobia liver with protease before AE. Cobia liver was pretreated with 0.5% of alcalase, papain, pepsin, and trypsin (by cobia liver wt; w/w) under their optimal hydrolysis conditions for 2 h. Then water double the weight of the cobia liver was added, and heated at 95–100 °C for 15 min to obtain the upper layer of fish oil. The results are shown in Figure 2. The oil extractability obtained by alcalase, papain, pepsin, and trypsin pretreatment were 32.7 ± 1.2%, 37.0 ± 1.7%, 33.7 ± 0.4%, and 21.2 ± 0.2%, respectively. From this result, the maximum oil extractability can be obtained by pretreatment with papain. The oil extractability depends on the extent of protein hydrolysis. Therefore, the protein concentration in the lower layer (aqueous phase) was analyzed to be 17.11 ± 0.20, 17.37 ± 0.09, 15.97 ± 0.24, and 8.35 ± 0.24 mg mL−1 for alcalase, papain, pepsin, and trypsin, respectively. The results indicated more protein hydrolyzed by proteases, with higher oil extractability achieved. Therefore, papain was selected for EAAE of cobia liver oil, however it should be kept in mind that alcalase is suitable for industrial scaling-up of EAAE due to it is an industrial enzyme of microbial origin, manufactured in large amounts. Similarly, the sea urchin hydrolyzed by papain also showed higher oil extraction yield in the EAAE process as compared to neutral protease, alkaline protease, and trypsin [39].




2.3. Optimal Conditions of Enzyme-Assisted Aqueous Extraction


The EAAE was performed using 0.5% papain to pretreat cobia liver at 30 °C with pH = 3, pH = 4, pH = 5, pH = 6, and pH = 7 phosphate buffer for 2 h before AE. The effect of pH on the oil extractability is shown in Figure 3a; the results show that the oil extractability increases with pH and reaches a peak value of 37.7 ± 0.7% at pH = 5. It has been reported that the polysaccharides extracted from Lycium barbarum and Dictyophora indusiata using cellulose and papain obtained the maximum extraction yield at pH = 5 [40,41]. Our result is consistent with the previous studies.



The effect of temperature on the oil extractability at pH = 5, enzyme concentration of 2%, and hydrolysis time of 2 h, is shown in Figure 3b. When the temperature increased from 20 °C to 30 °C, the oil extractability increased from 28.9% to 36.1%, and then a slight decrease was obtained at temperatures higher than 30 °C due to the enzyme becoming inactivated at high temperature. According to Rajalakshmi’s measurements [42], papain still has 63% relative activity when incubated at 70 °C for 2 h. Although the enzyme activity decreased at high temperature, high temperature also increased the enzyme reaction rate. Therefore, the oil extractability was only slightly decreased. As a result, the temperature at 30 °C was suitable for pretreatment of cobia liver by papain.



The effect of enzyme concentration on the oil extractability at pH = 5, temperature of 30 °C, and hydrolysis time of 2 h, is shown in Figure 3c. The oil extractability increased with increased enzyme concentration. The highest oil extractability was achieved with an enzyme concentration of 0.5%. However, while the enzyme concentration increased over 0.5%, the oil extractability did not improve. Generally, the number of active sites increases with the enzyme concentration and more protein are hydrolyzed. However, the number of active sites accessible to the substrate will decrease with the excess of enzyme present, leading to a less significant change in improving the extraction yield. This phenomenon is also found in the enzyme assisted extraction of resveratrol from Polygonum cuspidatum [19,20], polysaccharides from sea cucumber [43], and naked pumpkin seeds [44].



The effect of hydrolysis time on oil extractability at pH = 5, temperature of 30 °C and 0.5% enzyme concentration is shown in Figure 3d. The hydrolysis time of 2 h is favorable for papain pretreated cobia liver since a slight decrease was obtained at hydrolysis time higher than 2 h. The results indicated that 2 h is sufficient for enzyme pretreatment of cobia liver.



After using papain pretreated cobia liver, the cobia liver was freeze-dried to observe the structure changes by scanning electron microscope. The results are shown in Figure 4. There are many small holes on the surface of papain pretreated cobia liver as compared with untreated cobia liver because the papain pretreatment destroyed the tissue of cobia liver. The papain pretreatment made the structure more permeable, so that the lipids could be easily released by EAAE. Sharma et al. used a mixture enzyme (protease, α-amylase, and cellulase) in the extraction process to increase the extraction yield of rice bran oil, and the maximum extraction yield was 76–78% [45]. Huang et al. used a microwave-assisted aqueous saline process to extract Xanthoceras sorbifolium oil, and the maximum extraction yield was 84% [46]. Samaram et al. used ultrasound-assisted extraction and solvent extraction to extract papaya seed oil, and the maximum extraction yield were 79.1% and 76.1%, respectively [14]. Sarker et al. used supercritical CO2 extraction of fish oil and obtained an extraction yield of 67%, but the Soxhlet method obtained an extraction yield of 78% [47]. As compared with these results, our study obtained the oil extractability of 38% and the extraction yield of 79%, indicating that the EAAE of cobia liver oil has a relatively high extraction efficiency.




2.4. Fatty Acid Composition


The fatty acid contents of cobia liver oil obtained from AE and EAAE are shown in Table 1. The cobia liver oils from EAAE contained 41.01–42.12% saturated fatty acids, 39.20–39.54% monounsaturated fatty acids, and 18.68–19.45% polyunsaturated fatty acids. The main fatty acid was oleic acid (C18:1), which contained 33.46–33.93%, followed by palmitic acid (C16:0), which contained 28.34–29.12%, and the content of unsaturated fatty acids accounts for more than 55–60%. The contents of the two beneficial fatty acids, EPA and DHA, were 3.80–3.93% and 13.75–14.37%, respectively. The cobia liver oils obtained from alcalase, papain, pepsin, and trypsin pretreatment showed no significant difference in the content of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA). Compared to AE, a slight decrease in the content of EPA and DHA was found; this might be due to the enzyme pretreatment slightly decreasing the polyunsaturated fatty acids. The EPA plus DHA contents of both AE and EAAE were 17.55–19.73%. On the other hand, the EPA plus DHA content of cobia liver oil obtained by solvent extraction was ~23% [4]. Since the aqueous extraction operated at 95 °C might degrade EPA and DHA, the content of EPA and DHA is slightly lower than that of the solvent extraction. On the other hand, EPA plus DHA contents of fish oils from tuna, seabass, and cod have been reported to be ~26%, ~12%, and ~21%, respectively [5]. As compared to other sources of fish oil, the cobia liver can be regarded as a potential raw material for producing EPA- and DHA-enriched fish oil. Furthermore, the cobia liver oil can be divided into fatty acid salts and separated by acetone to concentrate the EPA and DHA [48]. Later, lipase-catalyzed reaction can be used to synthesize EPA and DHA ethyl esters to achieve the required concentration for health food and pharmaceutical specifications [49].




2.5. Antioxidant Activities of Protein Hydrolysates After In Vitro Simulated Gastro-Intestinal Digestion


The amino acid composition of cobia liver is shown in Table S1. The higher contents of amino acid in the cobia liver were glutamic acid (3.93 mg/g), leucine (3.90 mg/g), and arginine (3.73 mg/g). Glutamic acid easily donates protons to the electrons in the reaction so that the peptide containing glutamic acid exhibit a strong radical scavenging activity [50]. Several amino acids, such as valine and leucine, have generally been considered as antioxidants [51]. It has been reported that peptides containing lysine or arginine at the C-terminal have high antioxidant activity [52,53]. Besides, cobia liver contained histidine (2.16 mg/g), methionine (1.76 mg/g), and cystine (1.71 mg/g). These three amino acids have been reported to be very important to the radical scavenging activity of peptides due to their special structure of characteristics [54]. The amino acid composition of cobia liver showed that the protein hydrolysates in the EAAE process can be recovered from the aqueous phase, and has the potential to be used as functional ingredients in different foods.



In recent years, more and more studies have confirmed that the protein hydrolysates have antioxidant activity that helps to protect human tissues and organs from hydroxyl free radicals (·OH), peroxides free radicals (·OOR), superoxide anion free radicals (O2–·); peroxynitrite (ONOO–) and other active oxygen and nitrogen substances cause oxidative damage [55]. The protein hydrolysates in the aqueous phase of the EAAE process pretreated by different proteases were recovered by freeze drying. The protein hydrolysates were then digested with simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) in order to determine their antioxidative function after simulated gastro-intestinal digestion. The antioxidant activities of protein hydrolysates obtained from EAAE pretreated by alcalase, papain, pepsin, and trypsin were examined by 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity, and ferrous-ion chelating activity.



The DPPH radical-scavenging activity of cobia liver protein hydrolysates is shown in Figure 5. The effective concentration scavenges 50% DPPH radical (EC50) of alcalase, papain, pepsin, and trypsin hydrolysates were 0.92 mg, 1.03 mg, 0.83 mg, and 0.53 mg, respectively. After simulated gastro-intestinal digest, the EC50 of alcalase, papain, pepsin, and trypsin hydrolysates were 1.15 mg, 1.55 mg, 0.98 mg, and 0.76 mg, respectively. Although a slight increase in EC50 was found, the hydrolysates still showed good ability to scavenge free radicals. During the simulated gastrointestinal digestion, the alcalase, papain, pepsin, and trypsin hydrolysates were hydrolyzed by gastro-intestinal enzymes to further degrade into tripeptides, dipeptides, and even amino acids. Thus, the hydrophilic ends of amino acids were exposed, resulting in increasing hydrophilicity, making it difficult to react with the lipophilic DPPH free radicals, resulting in decreased scavenging ability [56]. The EC50 of protein hydrolysates from peanut [57], fish visceral waste [58], and skipjack tuna [59] have been reported to be 23 mg, 3.47 mg, and 4.54 mg, respectively. Compared to those results, cobia liver hydrolysates have good DPPH radical scavenging ability.



Transition metals, such as Fe2+ and Cu2+, can catalyze the lipid oxidation reactions to form the hydroxyl free radicals (·OH) and superoxide anion free radicals (O2−·) because these metals can directly react with fatty acids by reducing the energy required, which accelerates the lipid peroxidation chain reaction. Moreover, the decomposition of lipid peroxides is catalyzed by Fe2+, which leads to the formation of reactive alkoxyl radicals and volatile oxidation products with rancid odor, such as short-chain aldehydes, ketones, acids, and esters [60]. Therefore, the chelation of metal ions can effectively reduce lipid oxidation. The ferrous chelating ability of cobia liver hydrolysates (2000 ppm) is shown in Figure 6. After simulated gastro-intestinal digestion, the ferrous chelating ability of alcalase, papain, pepsin, and trypsin hydrolysates greatly increased. The trypsin hydrolysates have better ability to chelate ferrous ions, followed by the alcalase hydrolysates; the chelating ability was increased after simulated gastric digestion. Wu et al. have pointed out that the molecular weight and amino acid composition of the hydrolysates may affect the antioxidant and metal chelating activity [61]. The molecular weight of gelatin hydrolysates less than 3 kDa showed the better chelating ability [62]. Based on the above results, it can be seen that the EAAE process uses of enzymes to pretreat the cobia liver can increase the oil extraction rate as compared to the AE. The protein hydrolysates showed a good ability to scavenge DPPH free radicals; ferrous chelation can prevent lipid oxidation and can used as an ingredient in formulate nutraceuticals or functional foods to reduce the oxidative stress, apart from providing balanced amino acids.





3. Materials and Methods


3.1. Materials


Cobia livers were purchased from cobiahome Inc. (Pingtung, Taiwan) and stored at −20 °C as ca. 1 kg packages in sealed plastic bags until used. The composition of cobia liver was 48.14% fat, 42.02% moisture, 9.23% protein, and 0.61% ash. Alcalase (3.03 U mL−1) was purchased from Merck Millipore (Billerica, MA, USA). Papain (3.3 U mg−1), pepsin (1200 U mg−1), pancreatin, bile bovine, BF3-methanol reagent (14% BF3 in CH3OH, w/v), fatty acid methyl ester standards (Supelco 37 Component FAME Mix, catalog no. 47885) and L-amino acid standards were purchased from Sigma-Aldrich (St. Louis, MO, USA). Trypsin (2000 U g−1) was purchased from HiMedia Laboratories (Mumbai, India). DPPH (2,2-Diphenyl-1-picrylhydrazyl) and p-anisidine were purchased from Alfa Aesar (Tewksbury, MA, USA). Unless otherwise noted, all reagents and chemicals were of analytical grade.




3.2. Aqueous Extraction


The cobia liver was minced in an Osterizer Galaxie blender (Oster Corporation, Milwaukee, WI, USA). 100 g of minced cobia liver was mixed with different amounts of water (1:1 to 1:3 w/v) then cooked at 95 °C in the water bath for 10 to 30 min. The resulting sample was centrifuged at 8000 rpm for 20 min, and the upper oil layer was collected. The oil extractability (%) was expressed as: weight of oil (g) per weight of wet cobia liver (g) × 100.




3.3. Enzyme-Assisted Aqueous Extraction


EAAE was carried out by using different commercial proteases to hydrolyze cobia liver before oil extraction. Enzymatic hydrolysis was carried out using different commercial proteases at their optimum pH and temperature: alcalase (pH = 7.5, 50 °C), papain (pH = 6, 30 °C), pepsin (pH = 2, 37 °C), and trypsin (pH = 8, 37 °C). Briefly, 100 g of minced cobia liver was mixed with 100 mL 10 mM phosphate buffers of different pH. The mixture was added with enzyme (0.5% by cobia liver wt) and then incubated at optimum temperature with constant shaking at 120 rpm for 2 h. After that, 100 mL water was added to the mixture then cooked at 95 °C for 15 min. The resulting sample was centrifuged at 8000 rpm for 20 min, and the upper oil layer was collected. The lower aqueous phase was recovered and freeze-dried to obtain the protein hydrolysates.




3.4. In Vitro Simulated Gastro-Intestinal Digestion


Simulated gastro-intestinal digestion was performed according to the method described by Minekus et al. [63], with some minor modifications. The simulated gastric fluid (SGF) electrolyte stock solution was composed of 6.9 mM KCl, 0.9 mM KH2PO4, 25 mM NaHCO3, 47.2 mM NaCl, 0.1 mM MgCl2(H2O)6, 0.5 mM (NH4)2CO3, and 15.6 mM HCl. The simulated intestinal fluid (SIF) electrolyte stock solution was composed of 6.8 mM KCl, 0.8 mM KH2PO4, 85 mM NaHCO3, 38.4 mM NaCl, 0.33 mM MgCl2(H2O)6, and 8.4 mM HCl. The simulated gastric digestion was prepared as follows: 10 mL of protein hydrolysates (2 mg mL−1) was mixed with 7.5 mL of SGF electrolyte stock solution, 1.6 mL of pepsin solution (25000 U mL−1 in SGF electrolyte stock solution), 5 μL of 0.3 M CaCl2, 0.2 mL of 1 M HCl, and 0.695 mL of water. The mixture was incubated at 37 °C in a shaking water bath for 2 h. After simulated gastric digestion, 11 mL of SIF electrolyte stock solution, 5.0 mL of pancreatin solution (800 U mL−1 in SIF electrolyte stock solution), 2.5 mL of 160 mM bile, 40 μL of 0.3 M CaCl2, 0.15 mL of 1 M NaOH, and 1.31 mL of water were added to the 20 mL of gastric chyme for simulated intestinal digestion. The mixture was further incubated at 37°C in a shaking water bath for 2 h. After that, the mixture was kept in boiling water for 10 min to terminate the digestion. The mixture was filtered through a G3 funnel, and the filtrate was used for antioxidant activity.




3.5. Antioxidant Activity Analysis


The DPPH radical scavenging activity was measured using the method described previously [64], with some minor modifications. Briefly, 1 mL of the sample was mixed with 1 mL 0.1 mM freshly prepared DPPH solution (in ethanol) and shaken vigorously for 1 min then placed the solution in the dark at room temperature for 30 min. The all sample solutions were measured their absorbance at 517 nm using a UV/VIS spectrophotometer (Hitachi U-2900, Tokyo, Japan). The DPPH radical scavenging activity was calculated using the equation


Scavenging activity (%) = [1 − (Asample/Acontrol)] × 100



(1)




where Asample is the absorbance of the methanol solution of DPPH with tested samples, and Acontrol represents the absorbance of the methanol solution of DPPH without the sample.



The ferrous ion chelating ability was measured using the method described previously [65], with some minor modifications. Briefly, 1 mL of sample was mixed with 0.1 mL of 2 mM ferrous chloride and 3.7 mL of methanol. Then addition of 0.2 mL of 5 mM ferrozine to the mixture to start the reaction, and the mixture was shaken vigorously before being left to stand at room temperature for 10 min. Absorbance of the resulting solution was measured at 562 nm. A complex of ferrous/ferrozine showed strong absorbance at 562 nm. The ferrous ion chelating ability was calculated using the equation


Ferrous ion chelating ability (%) = [1 − (Asample/Acontrol)] × 100



(2)




where Asample is the absorbance of the solution with tested samples, and Acontrol represents the absorbance of the solution without the sample.




3.6. Analysis


Fatty acid composition of extracted cobia oil was measured by GC method as described previously [4]. Scanning electron microscopy (SEM) of freeze-dried cobia liver before and after EAEE was analyzed by an environmental scanning electron microscope (ESEM; FEI Quanta-200, Czech Republic). The amino acid composition of cobia liver was determined using an HPLC system (Hitachi, Tokyo, Japan) equipped with diode array detector (L-2455) and with fluorescence detector (L-2480) set at excitation wavelength 348 nm and emission cutoff filter at 450 nm. The amino acids were derivatized by o-phtalaldehyde and 9-fluorenylmethyloxycarbonyl chloride [66,67]. The derivatized amino acids were separated by using an Inertsil ODS-3 column (5 µM, 250 × 4.6 mm).




3.7. Statistical Analysis


The experimental data was analyzed by one way analysis of variance (AVOVA) using JMP software (SAS Institute Inc., Cary, NC, USA) and the mean in each group was compared by student’s test; significance was defined at P < 0.05.





4. Conclusions


This study developed an environmentally friendly method, EAAE, which can be effectively used to recover lipids and protein hydrolysate from fish processing waste. EAAE using water to extract fish oil, thus reducing the organic solvent usage, is a green process. Four proteases—alcalase, papain, pepsin, and trypsin—were used to improve the oil extractability by AE. EAAE of cobia liver oil by papain pretreatment at optimum conditions obtained 38% oil extractability. EAAE greatly improved the extraction efficiency; the oil extractability was double compared to AE (18.8%). The fatty acid profile showed that cobia liver oil has rich sources of PUFA with several health benefits that can provide a better alternative for fish oil. The protein hydrolysates obtained from the aqueous phase of EAAE process had antioxidant activity, the in vitro simulated gastro-intestinal digestion confirmed the ability of scavenging DPPH radical and chelating ferrous. Many studies have reported that the protein hydrolysates have the functions of anti-fatigue, anti-cancer, and anti-hypertensive activity. The results of this study showed that the cobia liver hydrolysates have anti-oxidation function. Therefore, the other biological activities of cobia liver hydrolysates can be further explored. Finally, EAAE simultaneously obtained the lipids and protein hydrolysates in the fish processing waste and hence could be a better green process in effectively managing waste from fish processing.
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Figure 1. Effects of (a) cooking time and (b) substrate water ratio on the oil extractability by using AE. The different letters in the graphs indicate a significant difference at p < 0.05. 
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Figure 2. Effect of different commercial proteases used for EAAE on oil extractability. Means with different superscript letters significantly differ (p < 0.05). The hydrolysis conditions for alcalase was pH = 7.5 and 50 °C, papain was pH = 6.0 and 30 °C, pepsin was pH = 2.0 and 37 °C, trypsin was pH = 8.0 and 37 °C. 
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Figure 3. Effect of (a) pH, (b) temperature, (c) enzyme concentration, and (d) hydrolysis time on the oil extractability by papain pretreatment. Means with different superscript letters significantly differ (p < 0.05). 
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Figure 4. Scanning electron microscope (SEM) micrographs of (a) cobia liver and (b) cobia liver pretreated with papain. 
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Figure 5. Effect of simulated gastro-intestinal digestion in vitro on EC50 values (effective concentration scavenges 50% radical) for DPPH radical scavenging properties of cobia liver hydrolysates obtained from AE by alcalase, papain, pepsin, and trypsin treatment. Means with different superscript letters significantly differ (p < 0.05). 
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Figure 6. Effect of simulated gastro-intestinal digestion in vitro on ferrous-ion chelating activity of cobia liver hydrolysates obtained from AE by alcalase, papain, pepsin, and trypsin treatment. 1000 ppm EDTA was used as a positive control. Means with different superscript letters significantly differ (p < 0.05). 
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[image: Catalysts 10 01323 g006]







[image: Table] 





Table 1. Fatty acid composition of cobia liver oils obtained from EAAE and AE.
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Fatty Acid (%)

	
Alcalase

	
Papain

	
Pepsin

	
Trypsin

	
Aqueous






	
C14:0

	
1.11

	
±

	
0.13

	
1.03

	
±

	
0.04

	
1.07

	
±

	
0.08

	
1.00

	
±

	
0.05

	
1.57

	
±

	
0.22




	
C16:0

	
29.12

	
±

	
0.30

	
28.34

	
±

	
0.18

	
29.00

	
±

	
0.13

	
28.63

	
±

	
0.26

	
27.96

	
±

	
1.36




	
C16:1

	
4.46

	
±

	
0.09

	
4.35

	
±

	
0.04

	
4.49

	
±

	
0.20

	
4.31

	
±

	
0.00

	
6.69

	
±

	
0.19




	
C18:0

	
11.38

	
±

	
0.12

	
11.17

	
±

	
0.01

	
11.25

	
±

	
0.43

	
11.43

	
±

	
0.15

	
8.05

	
±

	
0.27




	
C18:1n9

	
33.51

	
±

	
0.49

	
33.93

	
±

	
0.01

	
33.46

	
±

	
0.42

	
33.76

	
±

	
0.08

	
32.92

	
±

	
1.04




	
C18:2n6

	
0.56

	
±

	
0.02

	
0.56

	
±

	
0.02

	
0.54

	
±

	
0.01

	
0.55

	
±

	
0.03

	
0.84

	
±

	
0.15




	
C18:3n3

	
0.57

	
±

	
0.04

	
0.58

	
±

	
0.00

	
0.57

	
±

	
0.02

	
0.57

	
±

	
0.02

	
0.68

	
±

	
0.12




	
C20:0

	
0.33

	
±

	
0.02

	
0.33

	
±

	
0.01

	
0.34

	
±

	
0.00

	
0.34

	
±

	
0.01

	
0.24

	
±

	
0.02




	
C20:1

	
1.23

	
±

	
0.06

	
1.25

	
±

	
0.01

	
1.26

	
±

	
0.01

	
1.25

	
±

	
0.04

	
1.22

	
±

	
0.06




	
C22:0

	
0.18

	
±

	
0.01

	
0.15

	
±

	
0.03

	
0.16

	
±

	
0.00

	
0.18

	
±

	
0.04

	
0.11

	
±

	
0.03




	
C20:5n3 (EPA)

	
3.80

	
±

	
0.08

	
3.93

	
±

	
0.03

	
3.81

	
±

	
0.07

	
3.86

	
±

	
0.15

	
4.15

	
±

	
0.65




	
C22:6n3 (DHA)

	
13.75

	
±

	
0.20

	
14.37

	
±

	
0.21

	
14.05

	
±

	
0.18

	
14.13

	
±

	
0.29

	
15.59

	
±

	
1.52




	
SFA 2

	
42.12

	
±

	
0.43 1a

	
41.01

	
±

	
0.21 a

	
41.82

	
±

	
0.33 a

	
41.58

	
±

	
0.38 a

	
37.92

	
±

	
1.44 b




	
MUFA

	
39.20

	
±

	
0.47 b

	
39.54

	
±

	
0.02 b

	
39.21

	
±

	
0.50 b

	
39.32

	
±

	
0.07 b

	
40.82

	
±

	
1.17 a




	
PUFA

	
18.68

	
±

	
0.29 a,b

	
19.45

	
±

	
0.23 a,b

	
18.97

	
±

	
0.28 a,b

	
19.10

	
±

	
0.45 a,b

	
21.26

	
±

	
2.42 a




	
EPA + DHA

	
17.55

	
±

	
0.24 a,b

	
18.30

	
±

	
0.24 a,b

	
17.86

	
±

	
0.25 a,b

	
17.99

	
±

	
0.41 a,b

	
19.73

	
±

	
2.16 a








1 All values represent the mean of three replicates ± standard deviation. Values with different superscript letters within a row significantly differ (p < 0.05). 2 SFA = Saturated fatty acids, MUFA = Monounsaturated fatty acids, PUFA = Polyunsaturated fatty acids.
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