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Abstract

:

Sea cucumbers from unharvested areas, are underutilized resources which may have the potential to become a future food resource. The aim of this study was to evaluate protein quality and investigate the changes in antioxidant activity from frozen and freeze-dried red sea cucumber (Parastichopus tremulus) subjected to digestion, using an in vitro digestion model. P. tremulus constituted high moisture content (90%), comparable protein (4%) and ash (4%) content, and low lipid (1%) content. The biochemical components in freeze-dried samples were largely retained during the freeze-drying process. Frozen samples showed significantly higher (p < 0.05) antioxidant activity compared to freeze-dried samples (calculated on a dry weight basis). The quantity of essential amino acids was high (31%) and corresponds to the Food and Agriculture Organization of the United Nations reference protein. Frozen samples showed an increase in antioxidant activity during digestion measured by three different antioxidant assays. Freeze-dried samples only showed an increase in one of the antioxidant assays. Correlations (p < 0.05) were found between specific free amino acids and antioxidant activity. The amount of free amino acids exceeded the threshold to taste bitter, umami, sour, and sweet flavors. This study showed that P. tremulus constitutes good protein quality, performed antioxidant activity, and has the potential to be used as a flavor-enhancing ingredient.
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1. Introduction


Over the last decades, the use of the term ‘functional food’ has increased [1]. ‘Functional foods’ are defined as foods containing or enriched with components associated with positive health effects and therefore reduce the risk of disease [1]. Functional components include amino acids, peptides, proteins, vitamins, minerals, omega-3 polyunsaturated fatty acids, and phospholipids [2]. There has been an increasing demand for a healthier diet in order to increase the quality of life and well-being [1]. In addition, there is an increasing focus on utilizing less common marine species in the ocean, such as mollusks, sponges, seaweeds, and sea cucumbers, which could be a critical source of important nutrients or as a potential food ingredient [1,3]. Particularly, Southeast Asia has a long history of utilizing sea cucumbers such as Apostichopus japonicus, Holothuria fuscogilva, Holothuria nobilis, Holothuria whitmaei, Holothuria scabra, Holothuria lessoni, and Thelenota ananas, as a food source or as nutraceuticals [4,5]. The sea cucumbers are available as fresh, frozen, or processed products such as dried (bêche-de-mer), fermented, or smoked [6].



Many sea cucumber populations have declined in Asia and Indo-Pacific regions for the last 40 years due to the high demand in the eastern world and overexploitation [7,8]. This includes Holothuria whitmaei from the Great Barrier Reef in Australia [9] and Thelenota ananas [10].



Sea cucumbers contain valuable vitamins and minerals (zinc, iron, magnesium, and calcium) [11,12]. Furthermore, sea cucumber has been reported to constitute important essential amino acids (EAAs) which could contribute to the nutritional value [11]. Sea cucumber may also have the potential to contribute to the umami flavor in foods [13].



The Norwegian red sea cucumber (Parastichopus tremulus) is distributed from the Barents Sea in the north to the Canaries in the south [14,15]. P. tremulus has gained attention in the Asia market due to its red color [6]. P. tremulus are mainly exported to Asian markets as frozen or dried products [16].



During normal metabolism, reactive oxygen species (ROS) are constantly produced, having an adverse effect on the human body, initiating accelerated cell death, and causing tissue damage when not countered [17]. Antioxidants perform an essential role in counteracting these ROS, preventing diseases, and maintaining human health [18]. Sea cucumbers have previously been shown to contain several bioactive compounds, including amino acids and peptides, which express antioxidative and anti-inflammatory properties [1,12]. This suggests that consumption of sea cucumber could attenuate the ROS formation in the human body [17]. The availability of bioactive peptides in sea cucumbers could be increased through enzymatic hydrolysis [13,19] or released naturally during gastrointestinal digestion [20].



The aim of this study was to evaluate protein quality and investigate the changes in antioxidant activity from frozen and freeze-dried red sea cucumber (Parastichopus tremulus) subjected to digestion, using an in vitro digestion model.




2. Materials and Methods


The Norwegian red sea cucumbers (P. tremulus) (n = 20), weighing 56 ± 19 g and measuring between 5 and 20 cm in length, were caught by the Gunnerus research ship in the Trondheim’s fjord (63°30.917 N 10°25.107 E) in October 2020 using a bottom trawler. The sea cucumbers were stored for approximately 10 months in seawater tanks in their natural bottom sediments and fed with salmon pellets grinded into small particles. The sea cucumbers were slaughtered by gutting in August 2021, and divided into two groups. The first group (n = 10) was frozen and subjected to the freeze-drying process (−50 °C at 0.040 mBar, <13.3 Pa) before storage at −80 °C. The second group (n = 10) was frozen at −80 °C until further analysis.



2.1. Study Design


A schematic illustration of the study design, and analysis performed on frozen and freeze-dried samples in terms of proximate composition, amino acid composition, and antioxidant activity is shown in Figure 1.




2.2. Proximate Composition of Frozen and Freeze-Dried Sea Cucumbers


Water and ash content were determined gravimetrically according to the method described by Association of Official Agricultural Chemists (AOAC) [21]. The protein contents of both frozen and freeze-dried P. tremulus were analyzed by the Kjeldahl method, following the manufacturer’s protocol as described by Latimer [22]. The lipid content was determined gravimetrically as described by Bligh and Dyer [23]. All chemicals used, system parameters and the instrument analyses were performed as previously described in Vu et al. [13].




2.3. Analyses of Total and Free Amino Acids


The total amino acids (TAAs) content was determined based on the method by Blackburn [24] as described in Vu et al. [13]. The content of free amino acids (FAAs) was determined based on the method by Osnes and Mohr [25] as described in Vu et al. [13]. Both TAAs and FAAs were analyzed using a HPLC system (Dionex, Thermo Fisher Scientific, Sunnyvale, CA, USA) constituted of a TSP P400 pump, an ultimate 3000WP injector, a fluorescence detector RF2000, and a Nova-Pak C18 column with a particle size of 4 μm (3.9 mm × 150 mm, WAT086344, Waters Corporation, Milford, MA, USA).




2.4. Calculation of True Retention


True retention (TR) was calculated for the amino acids as previously described by Murphy et al. [26] using the following Equation (1):


  % T R =   n u t r i e n t   c o n t e n t   p e r   g   f r e e z e   d r i e d   s e a   c u c u m b e r × g   f r e e z e   d r i e d   s e a   c u c u m b e r   n u t r i e n t   c o n t e n t   p e r   g   f r o z e n   s e a   c u c u m b e r × g   f r o z e n   s e a   c u c u m b e r   × 100  



(1)








2.5. Simulated Gastrointestinal Digestion


The simulated gastrointestinal digestion was conducted as described by Jensen et al. [27] (Figure 2). The gastric phase consists of a pepsin solution containing pepsin from porcine gastric mucosa (0.462%, P6887, Sigma-Aldrich, Saint Louis, MO, USA), NaCl (49 mM, VWR, Leuven, Belgium), KCl (12 mM, Sigma-Aldrich, Darmstadt, Germany), CaCl2 (10, mM, Merck, Darmstadt, Germany), MgCl2 (2.4 mM, VWR, Leuven, Belgium), and K2HPO4 (3.5 mM, Merck, Darmstadt, Germany). The intestinal phase consists of a bile/pancreatin solution containing pancreatin from porcine pancreas (4 g/L, P1750, Sigma-Aldrich, Saint Louis, MO, USA), bile porcine extract (25 g/L, B8631, Sigma-Aldrich, Saint Louis, MO, USA), and NaHCO3 (0.1 M, Merck, Darmstadt, Germany). pH adjustments were performed using HCl (Sigma-Aldrich, Darmstadt, Germany) and NaOH (Sigma-Aldrich, Darmstadt, Germany).



Frozen, freeze-dried samples (1 g), or distilled water as control (1 mL) was mixed with pepsin solution (15 mL). The pH was adjusted to 5.5 and an initial sample (3 mL) was collected (0 min). The reaction mixtures were incubated on a magnetic stirrer (300 rpm) with temperature regulation (37 °C). After 30 min, a second sample (4 mL) was collected. The pH was adjusted to 3.8, and the reaction mixture was further incubated for an additional 30 min before another pH adjustment to pH 2.0. The reactions mixtures were incubated for an additional 15 min, before a third sample (3 mL) was collected. Thereafter, a pancreatin and bile solution (1.5 mL) was added, and the pH was adjusted to 5.0. The reaction mixtures were further incubated for 30 min before a fourth sample (3 mL) was collected. The pH was adjusted to 6.5 and the reaction mixture was continuously incubated for another 60 min. The remaining reaction mixture was collected. While the pH adjustment was negligible, the addition of bile/pancreatin resulted in a 1.2 dilution factor and has been taken into consideration when calculating the results.



The collected samples were centrifuged at 4500× g for 5 min at 4 °C. The supernatants were incubated at 90 °C (5 min) to inactivate the enzymes, cooled on ice, and frozen (−80 °C) until analysis. The digestion process was performed with two replicates for each sample.




2.6. Antioxidant Assays


The antioxidant activity was analyzed by ferric reducing antioxidant power (FRAP), 2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and oxygen radical absorbance capacity (ORAC). The FRAP assay was conducted as described by Benzie and Strain [28] with modifications explained by Jensen et al. [27]. The water-soluble vitamin E-analog, Trolox (Acros Organics, Geel, Belgium) was used as a standard with concentrations ranging from 0 to 1000 µmol/L. The FRAP measurement was analyzed using a spectrophotometer (PowerWave XS, BioTek, Winooski, VT, USA). The ABTS assay was performed as described by Re et al. [29], Nenadis et al. [30], and Nenadis et al. [31]. Propyl gallate (Sigma-Aldrich, Steinheim, Germany) was used as a standard with concentrations ranging from 0 to 50 µmol/L. The ABTS assay was analyzed using an UV-Spectrophotometer (UV-1800, Shimadzu Corporation, Kyoto, Japan). The ORAC assay was performed as described by Dávalos et al. [32] with modifications presented in Jensen et al. [27]. Trolox was utilized as standard with concentrations ranging from 0 to 100 µmol/L. The ORAC measurement was analyzed using a multimode reader TECAN (TECAN Spark 20 M, Männedorf, Switzerland).




2.7. Statistical Analysis


The analyses were performed on 10 parallels and run in duplicates unless otherwise stated. The results in tables are presented as average ± standard deviation, while the results in figures are presented as average ± standard error. IBM SPSS Statistics, version 29.0.1.0 (IBM, New York, NY, USA) were used to evaluate significant differences between frozen and freeze-dried red sea cucumber, and between different sample outtakes during the simulated gastrointestinal digestion. The data were analyzed by independent-samples t-test (p < 0.05). Univariate analysis of variance (ANOVA) was conducted with Tukey’s post hoc test (p < 0.05). The Pearson correlation was applied to determine the linearity between the variables.





3. Results and Discussion


3.1. Proximate Composition of Frozen and Freeze-Dried Materials


The water content in frozen samples was approximately 90%, while the protein (4%) and ash content (4%) constituted similar amounts, and a low concentration of lipids (1%) (Table 1). Freeze-dried samples constitute a water content of about 3%. The protein, lipid, and ash content thus constituted about 43%, 8%, and 36% of the freeze-dried samples, respectively. The results in this study are comparable to a previous study by Kjerstad et al. [6]. In their study, the fresh P. tremulus was caught at their natural habitat at Gryta and Vigrafjord during the period 2017 and 2018. The P. tremulus used in this current study were caught in October 2020 outside of Trondheim’s fjord and were fed with salmon pellets before slaughter. In general, habitat area, age, and seasonal catching are factors which could influence the biochemical composition in sea cucumbers [6,33].




3.2. Total and Free Amino Acid Composition in Frozen and Freeze-Dried Materials


In both frozen and freeze-dried samples, the most abundant amino acid was glutamic acid (6.8 g/100 g and 4.3 g/100 g dry weight), followed by glycine/arginine (6.1 g/100 g and 8.4 g/100 g dry weight) and aspartic acid (5.1 g/100 g and 3.5 g/100 g dry weight). Those three amino acids together represent about 53% and 57% of the TAAs profile (31.6 g/100 g and 30.4 g/100 g dry weight), respectively (Table 2). Glutamic acid, glutamine, leucine, methionine, serine, and tyrosine in frozen samples (theoretical calculation, dry weight) showed a significantly higher (p < 0.05) concentration compared to freeze-dried samples. Previous studies have found glycine to be the major amino acid in both frozen and freeze-dried P. tremulus [34,35]. In addition, glutamic acid, aspartic acid, and arginine have also been shown to be prominent in sea cucumbers [34,35].



In both frozen and freeze-dried samples, glutamic acid (139 and 414 mg/100 g dry weight), glycine/arginine (46 and 258 mg/100 g dry weight) and alanine (13 and 43 mg/100 g dry weight) are the dominating FAAs. Those dominating FAAs represent about 82% and 85% of the total FAAs content, respectively (Table 2). All FAAs in freeze-dried samples showed a significantly higher (p < 0.05) amino acid concentration compared to the theoretical calculation of frozen samples (dry weight), except aspartic acid. This is in accordance with a previous study [7]. The glycine concentration may be prominent in red sea cucumber, but it could not be separated from arginine during analysis. The levels of amino acid content have been shown to vary with seasonal variations, age, habitat area, and location [36]. In this study, the red sea cucumbers were harvested only once, in October 2020.




3.3. Free Amino Acids and Umami Flavor in Frozen and Freeze-Dried Materials


FAAs give rise to different flavors such as umami, sourness, bitterness, and sweetness. In Figure 3, the FAAs content in both frozen and freeze-dried samples are grouped corresponding to their respective flavors [13,37,38,39]. Glutamic acid had the highest concentration of FAAs in the ‘umami/sour’ group, followed by aspartic acid in both frozen and freeze-dried samples. Glutamic and aspartic acids are thought to impart a sour flavor, and contribute to the umami flavor in the presence of sodium salts like monosodium glutamate [40,41].



In both frozen and freeze-dried samples, alanine was the most abundant FAAs in the ‘sweet’ group, followed by lysine, threonine, and serine. Regarding bitter flavor, histidine constituted the highest concentration of FAAs in the ‘bitter’ group, followed by leucine, tyrosine, valine, phenylalanine, isoleucine, and methionine in both frozen and freeze-dried samples. In addition to having a bitter taste, phenylalanine and tyrosine have also been shown to improve the umami flavor [38]. Glutamine has been previously reported to contribute to both sweet and umami flavors [37]. Glycine is related to sweet flavor and arginine is related to bitter flavor [37]. As glycine and arginine could not be separated by the method in this study, and glutamine contributes to two different flavors, they are added to the ‘other’ flavor group. In addition, freeze-dried samples showed significantly higher (p < 0.05) FAAs concentrations in all flavor groups compared to frozen samples, except aspartic acid in the umami/sour group.



A major challenge to transitioning from regular diets to plant-based diets is the lack of umami taste in plant-based foods [42]. Seafoods have therefore been suggested to contribute with the highly sought umami flavor in plant-based diets [42]. Sea urchin [43], snow crab [44], squid [45], oyster [46], and scallop [47] contain high amounts of glutamic acid, which has been shown to increase the umami flavor.



A previous study reported high quantities of glutamic acid in the sea cucumber (Holothuria scabra) [48]. P. tremulus, in this study, contained high levels of glutamine, glutamic acid, and glycine. In addition, other compounds such as salts, sugars, bases, esters, organic acids, and peptides, and the synergy between these compounds may contribute to flavors in foods [37]. However, the components contributing to flavor may vary with processing method, environments, biochemical compositions, and species [38].



Drying by the use of elevated temperature has previously been reported to up-concentrate bitter compounds in raw materials [49]. Freeze-drying on the other hand, is known to be a more gentle process [50], maintaining heat-sensitive biomolecules, and nutrient composition [51,52] as well as the protein quality in materials such as sea cucumber (Stichopus japonicus) [53], but at the cost of high energy consumption and long drying times [53].



It has been found that the minimum threshold limit of flavors such as salty, bitter, umami, and sweet were at concentrations of 0.05, 0.08, 0.09, and 0.2 mg/L, respectively [54]. However, the taste perception threshold varies with body mass, sex, and age [55]. In this current study, the concentrations of umami/sour, bitter and sweet flavor found in both frozen and freeze-dried samples exceed the minimum taste perception threshold. Therefore, both frozen and freeze-dried samples may potentially contribute to the umami flavor and can be used as a taste enhancer or employed as a potential food ingredient.




3.4. Protein Quality in Frozen and Freeze-Dried Materials


The quality of a protein is evaluated based on the content of essential amino acids (EAAs), as recommended by The Food and Agriculture Organization (FAO) and World Health Organization (WHO) [56]. In both frozen and freeze-dried samples, the chemical score was above 1.0 for all EAAs, except for methionine and histidine (Figure 4).



The level of EAAs in P. tremulus in this study were higher compared to previous studies of Holothuria scabra [57] and Apostichopus japonicus (except histidine) [58]. The same result was found in the study of orange-footed sea cucumber (Cucumaria frondosa) [13].




3.5. True Retention of Amino Acids during Freeze-Drying of Sea Cucumber


It has been previously reported that umami-dipeptides and related peptides may have a positive effect on the human body [59], hence it is relevant to see if there is any loss during the drying processes. When calculating true retention of amino acids, it was revealed that all amino acids remained in the powder after drying. The true retention (%) ranged between 77% and 92% among individual amino acids but with a relatively high standard error (Figure 5). Thus, the result in this study is inconclusive, but indicates that the freeze-drying process does not affect the red sea cucumber negatively and that nutrients are largely retained. The concentration of essential amino acids was calculated based on the average of 10 individual sea cucumbers, which could explain the high standard error. The concentration of amino acids could be influenced by each individual difference among the sea cucumbers, due to age, as previously described by Elvevoll et al. [33].




3.6. Antioxidant Activity in Frozen and Freeze-Dried Materials


Drying by the use of elevated temperature is a process that may imply thermal degradation and reduce the antioxidant activity in the raw materials. Freeze-drying is one of the most gentle drying processes, applied to increase the shelf-life and retain the nutrients of raw materials [13,50]. It has been previously shown that the freeze-drying process was the only treatment which did not reduce the antioxidant activity compared to normal drying and microwave-vacuum drying in strawberry [60]. Another study found that the freeze-drying process yielded the best quality of dried sea cucumber (Stichopus japonicus) [53]. Despite obtaining a good quality of food products using the freeze-drying process, the drying process has its drawbacks. The freeze-drying process is time consuming and costly, and hence, it is not always relevant in the industry [53]. Furthermore, the freeze-dried products could be more susceptible to lipid oxidation due to their porosity and exposure to oxygen in the food product after the removal of water [61].



The capability of a substance to decrease ferric (Fe3+) to ferrous (Fe2+) iron is evaluated by the ferric reducing antioxidant power (FRAP) assay [28]. The FRAP activity in both frozen and freeze-dried samples ranged between 1 and 3 mmol TE/100 g dry weight (Table 3). When calculating the FRAP activity of frozen samples based on dry weight, they showed significantly higher (p <  0.05) FRAP activity compared to freeze-dried samples. According to a previous study by Nursid et al. [62] on the antioxidant activity of dried sea cucumber, Holothuria edulis resulted in the highest FRAP activity, followed by Pearsonothuria graeffei and Stichopus herrmanni (48.5, 28.3, and 12.0 µmol Fe(II), respectively). The result in this study is lower compared to previous results. The reason for this difference could be due to the extraction and drying technique, resulting in a higher concentration [62], compared to the extract obtained in this study. However, the FRAP activity in both frozen and freeze-dried samples in this study exhibited similar FRAP activity compared to the protein hydrolysate of orange-footed sea cucumber (Cucumaria frondosa) [13], protein hydrolysate of fried herring (Clupea harengus) [63], and saithe (Pollachius virens) [64].



The ABTS assay evaluates a substance’s ability to reduce reactive oxygen species by electron transfer [29,31]. The ABTS activity ranged between 0.1 and 0.3 mmol propyl gallate equivalents (PGE)/g (Table 3). The freeze-dried samples exhibited the highest ABTS activity. A previous study found freeze-dried and hydrolysates of C. frondosa ranging between 2 and 13 µmol PGE/g dry weight in a sea cucumber [13].



The ORAC assay measures the ability of bioactive peptides to neutralize reactive oxygen species by hydrogen transfer [32]. The antioxidant activity ranged between 130 and 230 mmol TE/g (Table 3), where freeze-dried samples exhibited the highest ORAC activity. According to a study by Mildenberger et al. [65] on a peptide fraction of P. tremulus, the ORAC activity was found to be 0.4 mmol TE/µg protein. The ORAC activity found in protein hydrolysate of saithe (Pollachius virens) ranged from 331 to 558 µmol TE/g [64]. The ORAC activity is higher compared to previous results. Regardless, the ORAC activity is lower compared to a previous study by Vu et al. [13] on freeze-dried and hydrolysates of C. frondosa.




3.7. The Digestive Effect on Amino Acids


The release of FAAs from the digestive process of initially frozen samples ranged between 1 and 111 mg/100 g dry weight (Figure 6). Glutamic acid and glycine/arginine were the dominating FAAs throughout the digestive process. Amino acids such as alanine, histidine, isoleucine, tyrosine, and valine showed an insignificant increase in concentration at the end of digestion (165 min) compared to the beginning of digestion (0 min). However, asparagine, glutamine, leucine, lysine, methionine, phenylalanine, serine, and threonine showed a significant increase (p < 0.05) in FAAs concentration at the end of storage (165 min) compared to the beginning of the digestive process (0 min). Aspartic acid, glutamic acid, and glycine/arginine showed a significant decrease (p < 0.05) in concentration at the end of digestion (165 min) compared to the beginning of the digestive process (0 min).



The release of FAAs from the digestive process in freeze-dried samples ranged between 0 and 21 mg/100 g dry weight (Figure 7). Through the digestive process, glutamic acids were the dominating FAAs followed by glycine/arginine, except at the end of digestion (165 min). Amino acids such as asparagine, glycine/arginine, histidine, lysine, methionine, phenylalanine, serine, and threonine showed a significantly higher (p < 0.05) FAAs concentration at the end of digestion (165 min) compared to the beginning of digestion (0 min). However, aspartic acid showed a significantly lower (p  <  0.05) FAAs concentration at the end of digestion (165 min) compared to the beginning of digestion (0 min) due to no detection during analysis.



The FAAs concentration increased during digestion, with the largest increase seen in the large intestinal phase (165 min). Frozen samples showed an increase in all FAAs concentrations throughout the digestive process, except aspartic acid. Freeze-dried samples showed an increase in all FAAs concentrations throughout the digestive process, except aspartic acid, glutamic acid, and glycine/arginine. As already mentioned, asparagine and glutamine are determined during acid hydrolysis and are thus included as aspartic and glutamic acid. The digestion process and the availability of amino acids are determined by the effectivity of the digestive process, the food matrix, and the chemical composition of the raw material [66]. The decrease in glutamic acid and glycine/arginine could be due to changes in the composition, the availability of peptides, and the size of peptides during the digestive process [67].




3.8. The Digestive Effect on Antioxidant Activity


The antioxidant activity in frozen and freeze-dried samples subjected to the gastrointestinal digestion process was measured by ferric reducing antioxidant power (FRAP), 2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and oxygen radical absorbance capacity (ORAC). The three antioxidant assays measure different mechanisms, at different conditions such as pH and temperature. As the human body has different processes, it is recommended to use different antioxidant assays to obtain the total overview of antioxidant activity in the raw material [68]. At five different time points (Figure 8), the FRAP activity in the frozen samples (dry weight) remained unchanged up until the near end of the digestive process (105 min), with a significant increase (p < 0.05) at the end of digestion (165 min). The FRAP activity in freeze-dried P. tremulus remained mostly stable. However, during digestion (75 min) of freeze-dried samples, the FRAP activity significantly decreased (p < 0.05), before significantly increasing (p < 0.05) throughout the rest of the digestive process. In addition, throughout the digestive process, no significant differences in FRAP activity were found between the frozen and freeze-dried samples, except at the end of the digestive process (165 min) where the FRAP activity of the frozen samples was significantly higher (p < 0.05) compared to the freeze-dried samples.



The exhibited ABTS (Figure 9) and ORAC (Figure 10) activity in both frozen and freeze-dried samples showed the same trend as the FRAP activity. Frozen samples showed a significantly higher (p < 0.05) ABTS activity at the end of the digestive process (165 min) compared to the previous time points. In addition, the ABTS activity in freeze-dried samples showed a significant decrease (p < 0.05) in ABTS activity during the digestive process (75 min) before a significantly increase (p < 0.05) in ABTS activity throughout the rest of the digestive process. Both frozen and freeze-dried samples showed a significantly higher (p  <  0.05) ORAC activity at the end of digestion compared to the beginning of the digestive process. Freeze-dried samples showed a significantly higher (p < 0.05) ORAC activity at the beginning (0 min) of digestive process compared to frozen samples. However, the frozen samples exhibited higher ORAC activity during digestion and at the end of the digestive process (p  <  0.05).



It has been shown previously that the antioxidant activity of P. tremulus increased during the digestive process [27,69]. The total antioxidant activity of proteins can be increased by breaking down the tertiary structure of the proteins to increase availability of amino acids with antioxidant activity [69]. This can be performed by enzymes, fermentation, or natural digestion [70].



The antioxidant activity measured by ORAC assay showed high variation between each replicate with high standard of error. One factor could be the measurement of ORAC activity, as a sensitive and unstable method with high dilution factors. Another factor could be the homogenization before the analysis, especially frozen samples during the digestive process.



The results from FRAP, ABTS, and ORAC assays indicate a stable increase in antioxidant activity throughout the digestive process, except for freeze-dried samples which showed a lowered activity at time point 75 min. This could be explained by the changes in the composition and size of peptides, and the presence of available free amino acids generated during the digestive process which affects the antioxidant activity [67]. From the start (0 min) to the middle (60 min) of the digestion process, pepsin has an optimal pH between 1 and 2. It breaks down proteins to free amino acids and short peptide chains [71]. After 75 min, the bile/pancreatin enzyme solution was added, and the antioxidant activity of some samples increased. At this time point in the simulated digestion process, the solution was exiting the gut and entering the small intestines. It is in the small intestines where peptides and free amino acids are absorbed, and this may explain why the antioxidant activity of some samples with added enzyme increased. Previously simulated digestion studies have shown that a mix of peptides from food proteins in combination with humans’ digestion enzymes during physiological conditions, causes an increase in antioxidant activity [72].




3.9. Release of Free Amino Acids Contributing to Antioxidant Activity


The release of FAAs from frozen samples correlated positively with the FRAP activity (p < 0.05) (Figure 11). Glutamine glycine/arginine and valine showed a positive correlation with the FRAP activity. The ABTS activity also correlated positively with the released FAAs through the digestive process (p < 0.05). Glycine/arginine, histidine, methionine, and serine showed a highly positive correlation, and lysine, threonine, and valine showed a moderately positive correlation with the ABTS activity. Glutamine was found to have a moderately positive correlation (p < 0.05) with the ORAC activity. The FAAs showed a moderate positively correlation with ABTS (p < 0.05) through the digestive process.



The release of FAAs from freeze-dried samples correlated both positively and negatively with the FRAP activity (p < 0.05) (Figure 12). Glutamine, lysine, and threonine showed a highly positive correlation, and asparagine, isoleucine, leucine, methionine, and phenylalanine showed moderate positive correlation with the FRAP activity. However, aspartic acid showed a highly negative correlation with the FRAP activity. The ABTS activity also correlated both positively and negatively with the released FAAs through the digestive process (p < 0.05). Glutamine, lysine, and threonine were found to have a highly positive correlation, and asparagine, leucine, methionine, and phenylalanine were found to have moderately positive correlation with the ABTS activity. However, aspartic acid was found to have a highly negative correlation with ABTS activity. At last, ORAC activity correlated both positively and negatively with the released FAAs through the digestive process (p < 0.05). Lysine showed a low positive correlation, glutamine, and phenylalanine showed a moderately positive correlation, and leucine, methionine and threonine showed a highly positive correlation with ORAC activity. However, alanine showed a moderately negative correlation, aspartic acid, and glycine/arginine showed a highly negative correlation with the ORAC activity.



The antioxidant activity is dependent on the amino acid sequence, the structure of the peptides, and the availability and the amount of hydrophobic amino acids in the peptides [70]. Previous studies have shown that the antioxidant activity is dependent on the composition of bioactive peptides, the sequences between 2 and 20 amino acids consisting of some reactive groups such as alanine, cysteine, glycine, histidine, leucine, methionine, tryptophan, tyrosine, and valine [27,70,73]. The results obtained in this study suggest that different amino acids contribute to the antioxidant activity measured by FRAP, ABTS, and ORAC assays. Further, some of the amino acids expected to contribute to the antioxidant activity did not correlate strongly with the antioxidant assays. This influence on antioxidant activity may be affected by the presence of FAAs, as well as the composition and the size of peptides generated during the digestive process [67].



There were some amino acids in the freeze-dried samples which showed a negative correlation with the three different antioxidant assays. The antioxidant activity is supposed to increase with the increase in certain amino acids such as alanine, aspartic acid, and glycine [70,74,75]. In addition, glutamic acid [76] and arginine [77] have been previously shown to have an indirectly positive effect on antioxidant activity regulation. It is important to note that our study has limitations to determine the relationship between amino acids and antioxidant activity due to several factors, such as the complexity of biological systems, the homogeneity during the digestive process, and the environmental conditions. Even though several studies have uncovered the antioxidant potential of sea cucumbers [62], more studies are needed to verify the antioxidant activity in P. tremulus during the digestive process.





4. Conclusions


The aim of this study was to evaluate protein quality and investigate the changes in antioxidant activity from frozen and freeze-dried red sea cucumber (Parastichopus tremulus) subjected to digestion, using an in vitro digestion model. The protein content in P. tremulus, although low, was of very high quality, suggesting that P. tremulus could be used as a potential protein source. The amino acids in freeze-dried samples were largely retained and were not affected negatively after the freeze-drying process. The antioxidant activity in frozen samples showed an increase in all three antioxidant assays, while the freeze-dried samples only showed an increase in one of the assays during the digestive process. Some specific amino acids were identified as correlating to antioxidant activity. This indicates that P. tremulus could be used as an antioxidant. A high content of free amino acids related to umami, bitter, sour, and sweet flavor suggests that this sea cucumber may contribute as a flavor enhancer in foods. This study implies that P. tremulus may provide potential functional properties, such as contributing as a potential protein source, antioxidant activity, and as a potential food flavor enhancing ingredient. Further study is recommended to verify the antioxidant activity of P. tremulus during the digestive process.
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Figure 1. The schematic illustration of research design and analyses performed to characterize proximate composition and amino acids of red sea cucumber (Parastichopus tremulus), simulate gastrointestinal digestion, and investigate the antioxidant activity. This was measured by ferric reducing antioxidant power (FRAP) assay, 2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay, and oxygen radical absorbance capacity (ORAC) assay in frozen and freeze-dried materials during digestion. 
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Figure 2. The schematic illustration of the simulated in vitro gastrointestinal digestion, with pH-adjustments, addition of enzymes, and sample collections at different time points. 
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Figure 3. Distribution of free amino acids (FAAs) (mg/100 g dry weight sea cucumber (SC)) in frozen and freeze-dried red sea cucumber (Parastichopus tremulus). The distribution is grouped with different taste perceptions umami/sour (a), sweet (b), bitter (c), and other (d). The frozen samples have theoretically been calculated from wet weight to dry weight. The results are presented as mean ± standard error (n = 10). Values with different letters are significantly different (p < 0.05). 
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Figure 4. The concentrations of essential amino acid (EAAs) (mg/g protein) in both frozen and freeze-dried red sea cucumber (Parastichopus tremulus) compared to the reference protein [56]. The results are presented as mean ± standard error, n = 10). 
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Figure 5. True retention (%) of essential amino acids (EAAs) after freeze-drying of frozen red sea cucumber (Parastichopus tremulus). The results are presented as average ± standard error, n = 10. 
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Figure 6. The free amino acids (FAAs) concentration before (0 min), during (75 min), and at the end (165 min) of the simulated gastrointestinal digestion for frozen red sea cucumber (Parastichopus tremulus) (n = 10). The frozen samples have theoretically been calculated from wet weight to dry weight. The results are presented as mean ± standard error as mg/100 g dry weight. Means with different letters (a, b) indicate significant differences (p < 0.05) throughout the digestive process. Tryptophan is destroyed during acid hydrolysis and is thus not detected. Cysteine, proline, and taurine are not detected in this method. Arginine/Glycine could not be separated in this method. Asparagine and glutamine are deaminated during acid hydrolysis and are therefore included in the aspartic acid and glutamic acid. 
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Figure 7. The free amino acids (FAAs) concentration before (0 min), during (75 min) and at the end (165 min) of the simulated gastrointestinal digestion for freeze-dried red sea cucumber (Parastichopus tremulus) (n = 5). The results are presented as mean ± standard error in mg/100 g dry weight sea cucumber. Means with different letter (a–c) indicate significant differences (p < 0.05) throughout the digestive process Tryptophan is destroyed during acid hydrolysis and is thus not detected. Cysteine, proline and taurine are not detected in this method. Arginine/Glycine could not be separated in this method. Asparagine and glutamine are deaminated during acid hydrolysis and are therefore included in the aspartic acid and glutamic acid. 
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Figure 8. The antioxidant activity measured by ferric reducing antioxidant power (FRAP) during the simulated gastrointestinal digestion in frozen (n = 10) and freeze-dried (n = 5) red sea cucumber (Parastichopus tremulus). The frozen samples have theoretically been calculated from wet weight to dry weight. The results are presented as mean ± standard error in mmol Trolox equivalents/100 g dry weight sea cucumber. * Denotes significant differences (p < 0.05) between frozen and freeze-dried samples at the specific time point. x and a denote significant differences (p < 0.05) in frozen (x) or freeze-dried (a) samples through the digestive process. 






Figure 8. The antioxidant activity measured by ferric reducing antioxidant power (FRAP) during the simulated gastrointestinal digestion in frozen (n = 10) and freeze-dried (n = 5) red sea cucumber (Parastichopus tremulus). The frozen samples have theoretically been calculated from wet weight to dry weight. The results are presented as mean ± standard error in mmol Trolox equivalents/100 g dry weight sea cucumber. * Denotes significant differences (p < 0.05) between frozen and freeze-dried samples at the specific time point. x and a denote significant differences (p < 0.05) in frozen (x) or freeze-dried (a) samples through the digestive process.



[image: Applsci 14 03267 g008]







[image: Applsci 14 03267 g009] 





Figure 9. The antioxidant activity measured by 2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) during the simulated gastrointestinal digestion in frozen (n = 10) and freeze-dried (n = 5) red sea cucumber (Parastichopus tremulus). The frozen samples have theoretically been calculated from wet weight to dry weight. The results are presented as mean ± standard error in mmol Propyl gallate equivalents/100 g dry weight sea cucumber. * Denotes significant differences (p  <  0.05) between frozen and freeze-dried samples at the specific time point. a, b and x denote significant differences (p < 0.05) in frozen (x) or freeze-dried (a, b) samples through the digestive process. 
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Figure 10. The oxygen radical absorbance capacity (ORAC) activity of the simulated gastrointestinal digestion in frozen (n = 10) and freeze-dried (n = 5) red sea cucumber (Parastichopus tremulus). The frozen samples have theoretically been calculated from wet weight to dry weight. The results are presented as mean ± standard error in mmol Trolox equivalents/100 g dry weight sea cucumber. * Denotes significant differences (p < 0.05) between frozen and freeze-dried samples at the specific time point. a, b, c, x, and y denote significant differences (p < 0.05) in frozen (x, y) or freeze-dried (a–c) samples through the digestive process. 
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Figure 11. The Pearson correlation in the released free amino acids (FAAs) during the simulated gastrointestinal digestion of frozen red sea cucumber (Parastichopus tremulus) (n = 10), and between ferric reducing antioxidant power (FRAP), 2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and oxygen radical absorbance capacity (ORAC). The correlation range between 0.00 to ±0.10 denotes markedly low and negligible correlation, while a range from ±0.10 to ±0.30 denotes very low correlation, ±0.30 to ±0.50 denotes low positive correlation, ±0.50 to ±0.70 denotes moderate correlation, ±0.70 to ±0.90 denotes high correlation, ±0.90 to ±0.99 denotes very high correlation, and 1.00 denotes perfect correlation. * Denotes statistically significant differences (p < 0.05), calculated by ANOVA. 
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Figure 12. The Pearson correlation in the release of free amino acids (FAAs) during the simulated gastrointestinal digestion of freeze-dried red sea cucumber (Parastichopus tremulus) (n = 5), and between ferric reducing antioxidant power (FRAP), 2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and oxygen radical absorbance capacity (ORAC). The correlation range between 0.00 to ±0.10 denotes markedly low and negligible correlation, while the range from ±0.10 to ±0.30 denotes very low correlation, ±0.30 to ±0.50 denotes low positive correlation, ±0.50 to ±0.70 denotes moderate correlation, ±0.70 to ±0.90 denotes high correlation, ±0.90 to ±0.99 denotes very high correlation, and 1.00 denotes perfect correlation. * Denotes statistically significant differences (p < 0.05), calculated by ANOVA. 
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Table 1. The proximate composition in frozen and freeze-dried red sea cucumber (Parastichopus tremulus). Results are presented as average ± standard deviation, n = 10.
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	Samples
	Frozen [%]
	Freeze-Dried [%]





	Water
	89.7 ± 0.8
	3.4 ± 1.0



	Protein
	4.4 ± 0.7
	43.1 ± 2.4



	Ash
	4.0 ± 0.4
	36.3 ± 2.8



	Lipid
	1.3 ± 0.4
	8.5 ± 2.2










 





Table 2. Total amino acids (TAAs) (g/100 g dry weight) and free amino acids (FAAs) (mg/100 g dry weight) content in both frozen and freeze-dried red sea cucumber (Parastichopus tremulus). The frozen samples have theoretically been calculated from wet weight to dry weight. The results are presented as average ± standard deviation, n = 10.






Table 2. Total amino acids (TAAs) (g/100 g dry weight) and free amino acids (FAAs) (mg/100 g dry weight) content in both frozen and freeze-dried red sea cucumber (Parastichopus tremulus). The frozen samples have theoretically been calculated from wet weight to dry weight. The results are presented as average ± standard deviation, n = 10.





	

	
Total Amino Acids

	
Free Amino Acids




	
Amino Acids

	
g/100 g Dry Weight

Frozen

	
g/100 g Dry Weight

Freeze-Dried

	
mg/100 g Dry Weight

Frozen

	
mg/100 g Dry Weight

Freeze-Dried






	
Alanine

	
2.76 ± 1.36

	
1.94 ± 0.35

	
13.0 ± 4.2

	
42.9 ± 10.6 *




	
Asparagine

	
<0.01

	
<0.01

	
1.0 ± 0.6

	
3.5 ± 3.0 *




	
Aspartic acid

	
5.08 ± 2.21

	
3.60 ± 0.73

	
10.8 ± 1.6

	
11.2 ± 3.4




	
Glutamic acid

	
6.79 ± 3.14

	
4.50 ± 1.08

	
139.2 ± 31.4

	
414.2 ± 48.1 *




	
Glutamine

	
0.04 ± 0.02 *

	
<0.01

	
9.5 ± 4.4

	
32.2 ± 7.1 *




	
Glycine/Arginine

	
6.07 ± 3.02

	
8.45 ± 2.04

	
45.8 ± 12.4

	
257.6 ± 57.7 *




	
Histidine

	
0.48 ± 0.21

	
0.37 ± 0.07

	
1.8 ± 1.0

	
9.1 ± 2.5 *




	
Isoleucine

	
1.35 ± 0.58

	
1.00 ± 0.25

	
<1

	
1.3 ± 0.3 *




	
Leucine

	
2.65 ± 1.16

	
1.83 ± 0.41

	
2.0 ± 0.9

	
3.4 ± 0.3 *




	
Lysine

	
1.81 ± 0.80

	
1.31 ± 0.30

	
11.8 ± 3.3

	
36.5 ± 12.2 *




	
Methionine

	
0.72 ± 0.34 *

	
0.45 ± 0.16

	
<1

	
1.2 ± 0.2 *




	
Phenylalanine

	
1.55 ± 0.65

	
1.17 ± 0.24

	
1.0 ± 0.5

	
2.3 ± 0.2 *




	
Serine

	
2.57 ± 1.21 *

	
1.58 ± 0.46

	
1.8 ± 0.5

	
8.8 ± 2.5 *




	
Threonine

	
2.63 ± 1.16

	
1.86 ± 0.42

	
1.4 ± 1.2

	
9.1 ± 2.5 *




	
Tyrosine

	
1.33 ± 0.56

	
0.94 ± 0.19

	
1.1 ± 0.6

	
3.0 ± 0.3 *




	
Valine

	
1.82 ± 0.78

	
1.38 ± 0.31

	
1.6 ± 0.9

	
2.6 ± 0.6 *




	
∑TAAs

∑FAAs

	
37.64 ± 17.15

	
30.39 ± 6.67

	
242.7 ± 53.1

	
839.2 ± 110.3 *








Tryptophan is destroyed during acid hydrolysis and is thus not detected. Cysteine, proline, and taurine are not detected in this method. Arginine/Glycine could not be separated in this method. Asparagine and glutamine are deaminated during acid hydrolysis and are therefore included in the aspartic acid and glutamic acid. * Denotes statistically significant differences of total amino acids or free amino acids between frozen and freeze-dried samples (p < 0.05), using SPSS version 29.0.1.0 with independent-samples t-test (p  <  0.05) analysis.













 





Table 3. The antioxidant activity measured by ferric reducing antioxidant power (FRAP), 2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and oxygen radical absorbance capacity (ORAC) in frozen (dry weight) and freeze-dried (dry weight) red sea cucumber (Parastichopus tremulus). The frozen samples have theoretically been calculated from wet weight to dry weight. The results are presented as Trolox equivalents (TE)/100 g or Propyl gallate equivalents (PGE)/100 g dry weight as mean ± standard deviation (n = 10).
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	Samples
	FRAP (mmol TE/100 g Dry Weight)
	ABTS (mmol PGE/100 g Dry Weight)
	ORAC (mmol TE/100 g Dry Weight)





	Frozen
	3.2 ± 1.7 *
	0.1 ± 0.0
	229.6 ± 107.9 *



	Freeze-dried
	1.2 ± 0.2
	0.3 ± 0.1 *
	130.7 ± 37.1







* Denotes statistically significant differences (p < 0.05), between values in the same column calculated by ANOVA.
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