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Process optimization and identification of antioxidant peptides from enzymatic hydrolysate of bovine bone extract, a potential source in cultured meat
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Bone protein is a significant secondary product of the meat industry, comprising a substantial quantity of protein. These proteins could be broken down through enzymatic hydrolysis to generate antioxidant peptides. This study aimed to produce antioxidant peptides from bovine bone extract by enzymatic hydrolysis utilizing Flavourzyme and Protamex by optimizing enzyme amounts and time using the Box–Behnken design. The final optimized conditions obtained through the model were as follows: The amount of Flavourzyme was 1,100 U, the amount of Protamex was 2,814 U, and the time was 3.77 (h). Bovine bone extract hydrolysate (BBEH) was purified stepwise using ultrafiltration membranes with molecular cutoffs of 5, 3, and 1 kDa. To assess the antioxidant capacity of the fractions, several methods were used, including radical scavenging activity “1,1-diphenyl-2-picrylhydrazyl (DPPH),” “2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),” metal chelating activity (MCA), reducing power (RP), and thiobarbituric acid assay (TBA). The results indicated that the ultrafiltration fraction with a molecular weight of less than 1 kDa showed significant antioxidant activity, with 48, 42, and 50% inhibition rates for DPPH, ABTS, and metal chelating, respectively. Using size exclusion chromatography, the fraction with a molecular weight less than 1 kDa was further separated into five sub-fractions: Frac-I, Frac-II, Frac-III, Frac-IV, and Frac-V. Sub-Frac-III, which exhibits significant DPPH radical scavenging activity (55%) and a reducing power of 0.8 at 700 nm, was separated into six sub-sub-fractions using reversed-phase HPLC (RP-HPLC) based on molecular weight and hydrophobicity. The sub-sub-fraction with the highest value for DPPH radical scavenging activity was sub-Fra-III-6, which exhibited approximately 69.45% activity. The sub-Fra-III-6 was analyzed using LC–MS/MS, which identified two specific peptides: Ala-Pro-Phe with a mass of 333.12 Da and Asp-His-Val with a mass of 369.14 Da. These two peptides are likely the primary peptides that might have a crucial role in antioxidant capacity. It can be concluded that BBEH is a valuable source of natural antioxidants and has the potential to serve as a viable resource in the cultured meat industry.
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Introduction

The production of bovine bone is increasing due to the development of the cattle industry in China. China produces approximately 12 million tons of bovine bone every year, according to the National Bureau of Statistics in 2019. The bovine bone is typically used as animal feed or discarded, resulting in significant environmental pollution and the wastage of valuable resources.

Bovine bone collagen comprises most of the essential mineral components the human body needs. Additionally, it contains lipids, protein, water, and ash (Yao et al., 2020). Collagen peptide, primarily found in bovine bone, is a precious nutritional resource. Bone peptides, which are composed of amino acids, possess a range of bioactive properties. These include the prevention of atherosclerosis (Igase et al., 2018), the ability to delay skin aging (Müller et al., 2018), the promotion of osteoblast growth (Elango et al., 2019), and the protection against the harmful effects of free radicals. Additionally, they exhibit immuno-modulatory, antitumor, anti-diabetic, and antimicrobial functions (Rozi et al., 2018). Yang et al. (2019) extracted five antioxidant peptides from tuna bone collagen; of these, two peptides have potential applications in the food industry.

The beef bone extract has a weak flavor and high viscosity, so the use of this extract as a food ingredient is narrow, which limits its usage to comparatively low-value ingredients in sports nutrition or pet foods that are soup- or sauce-based. Currently, the use of enzymes to convert these low-value food materials into valuable functional food is in high demand. During hydrolysis, amino acids and short-chain peptides are released by cleavage of the long-chain protein, resulting in a reduction in the viscosity (Chiang et al., 2019). Short-chain peptides can accelerate protein synthesis, promote the use and absorption of minerals, boost immunological function, and reduce the suppression of free radical generation (Yamamoto et al., 2016). Enzymatic hydrolysis can be used to synthesize peptides that have a high level of purity and are chemically stable.

Several types of protein hydrolysate can be produced by treating protein content with different proteases. This was in line with the previous research that showed that the specificity of protease significantly alters the peptide composition of hydrolysates, and this specificity is closely related to the functional activity of that peptide. According to Wang et al. (2022), protein hydrolysate of skipjack tuna roes produced by using Flavourzyme exhibits the highest DPPH scavenging activity among other enzymes such as pepsin, trypsin, papain, and thermolysin.

The hydrolysis efficiency can be increased by using the double-enzyme method compared to the single-enzyme method due to the different enzyme cleavage sites at every step. The results of the (Zheng et al., 2023) study showed that the DH of hard-shelled mussels was significantly triggered by the type of enzyme. In this study, a combination of endo protease (trypsin) and exo protease (papain) was used to obtain the required level of DH.

Various chronic diseases arise in the human body as a result of an excessive accumulation of free radicals. Oxidative damage arises inside the body as a result of an excess of free radicals. If this damage is not rapidly healed and remains for a long time, it can lead to several diseases, including inflammatory disease, melanoma, and heart disease (Wang et al., 2022).

In addition, cell damage is induced by various toxic peroxy radicals, which are strongly related to chronic human diseases and aging. Antioxidants may reduce oxidation activities induced by free radicals. Various studies reveal that synthetic antioxidants can have an unpredictable level of toxicity in humans and affect the lungs, liver, and spleen (El-Shourbagyand Elzahar, 2014). Increasing attention is diverted toward natural antioxidants due to the limited use of these synthetic chemical antioxidants. One of the antioxidants from natural sources is mainly peptides. Current research focuses on these antioxidant peptides because of their prospective health benefits related to low cost, safety, functional properties, low molecular weight, and high activity. Antioxidant peptides draw great attention due to their potential application in treating diseases, such as immunopathy, neurodegenerative disorders, Alzheimer’s diseases, inflammation, Parkinson’s, and diabetes mellitus. Several studies used peptides as antioxidants. For example, Sierra et al. (2021) found that the peptide Pro-Gly-Tyr (PGY) can scavenge reactive oxygen species (ROS) by enhancing the production of catalase and superoxide dismutase I in HepG2 cells stimulated by 2,2″ azobis (APPH). The GGFDMG peptide can decrease ROS-induced damage by enhancing the amounts of intracellular antioxidative enzymes, which help eliminate ROS.

Another study reveals that AAVPSGASTGIYEALELR can activate the DAF − 16 signaling pathway to mimic the oxidative stress in the cells (Wang et al., 2021).

Short-chain peptides with molecular weight (<1 kDa) are usually bioactive. These peptides usually contain a large percentage of non-polar amino acids (Zhao et al., 2020). According to Wu et al. (2023) bioactive peptides usually contain 3–30 amino acids with molecular weights 500 to 1850 Da and are generated from various protein sources by microbial fermentation, chemical degradation, and enzymatic hydrolysis. Peptide fractionated from monkfish muscle having molecular weight < 1 kDa can increase the antioxidant ability of the liver to prevent non-alcoholic fatty liver disease (NAFLD) progression by the modulation of the AMPK/Nrf2 pathway and intestinal flora (Ren et al., 2022).

As far as we know, limited research has investigated the antioxidant activities of protein hydrolysates and peptides derived from bovine bone extract. This study aimed to optimize the enzyme amounts and time for producing bovine bone extract hydrolysate (BBEH) with antioxidant activity and purify antioxidant peptides from this hydrolysate through a series of purification techniques. Based on the best antioxidant potential activity, these peptides can be a useful source for the cultured meat production industry.



Materials and methods


Sample and reagents

Bovine bone extract (BBE) was provided by Dufengxuan Gusheng Co., Ltd. (Fushun, Liaoning, China). Potassium ferricyanide, TCA (trichloroacetic acid), 2,2-azino-bis(3-ethylbenzthiazoline)-6- sulfonic acid (ABTS), butylated hydroxyanisole (BHA), 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric chloride, and potassium were purchased from Alfa Aesar (Shanghai, China). Enzymes, including trypsin, Papain, Protamex, and Flavourzyme (500 MG), were purchased from Novozymes (Bagsvaerd, Denmark). Synthetic peptides (95% purity), including Ala-Pro-Phe and Asp-His-Val, were supplied by Scilight-Peptide (Beijing, China). All the chemicals and reagents used were analytical grade. The hydrolysate was produced by protease, including Flavourzyme and Protamex (500 MG) (Novozymes Bagsvaerd, Denmark), trypsin, and papain. The activity of the enzyme was calculated by following the method proposed by Kembhavi et al. (1993). One unit of enzyme activity can be defined as the amount of enzyme used to release 1 gram of tyrosine per minute under optimal conditions.



Experimental design

Based on the results of the single-factor experiment (data not shown), the Box–Behnken design (BBD) was selected for the optimization of enzyme amount and time, and two responses including the degree of hydrolysis and total score were selected for the evaluation of the results and the selection of the best condition. The score was calculated as a total score = 0.5*sensory score + 0.2* umami amino acids +0.2*nucleotide+0.1* < 1 kDa peptide. The independent variables were hydrolysis time (A, h), Flavourzyme (B, U), and Protamex (C, U). The coded and un-coded levels for these variables are listed in Table 1. The response in the form of the total score and degree of hydrolysis (DH) of the experimental design is given in Table 2. A second-order equation was used to explain the relationship between independent and dependent variables.
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TABLE 1 Numeric and categorical factors of RSM.
[image: Table1]



TABLE 2 Conditions of hydrolysis and corresponding results by RSM.
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The linear regression of optimal response (Y) was calculated by a second-degree polynomial equation (Eq. 1) using the least squares method (Yang et al., 2012). Here, Y is the model calculated response; the variables are time (A), Flavourzyme (B), and Protamex (C); the coefficients of linear regression are a1, a2, and a3; the quadratics are a22 and a33; and the effects of cross product factors on response are a12, a13, and a23. Analysis of variance (ANOVA) was applied to figure out the regression coefficient of the response surface equation and to confirm the RSM. Three important parameters were considered in order to assess the statistical significance: (a) coefficient of variation (CV), (b) F-test, (c) coefficient of determination (R2), and based on the criterion of desirability, optimal processing conditions were generated by numerical and graphical analyses.



Preparation of enzyme hydrolysates of bovine bone extract (BBE)

To hydrolyze bovine bone extract, four different types of enzymes were used (Flavourzyme™, Protamex™, trypsin, papain, and the enzyme combination) and previously used conditions for 4 h. Table 3 demonstrates the optimal conditions for various enzymes. For the adjustment of pH value, after every half hour, NaOH (sodium hydroxide) solution (1 N) or HCL (hydrochloric acid) solution (1 N) was added to the hydrolyzed mixture. The solution was boiled for 10–15 min after hydrolysis to deactivate the enzymes, and the obtained peptide mixture was then centrifuged at 8000 rpm for 15 min. The hydrolyzed samples were kept at 25°C for analysis.



TABLE 3 Bovine bone extract enzymatic hydrolysis condition.
[image: Table3]



Calculation of degree of hydrolysis (DH)

The DH was calculated using the previous method (Begum et al., 2021). DH is calculated as the ratio of the total nitrogen to the amino acids nitrogen in percentage (%). It is actually the cleavage of peptide bonds by the enzyme. The content of nitrogen in amino acid (AN) was quantified by the formaldehyde titration method, while Kjeldahl using a FOSS KJELTEC 8400 (Foss Co. Ltd., Denmark) was used to calculate the total nitrogen (TN) content.



Antioxidant activity determination of bovine bone extract hydrolysate


DPPH radical scavenging assay

With some modifications, the procedure previously described by Wu et al. (2003) was used to calculate the DPPH activity of the sample. A 1.5 mL of 0.2 mm DPPH in 95% ethanol solution was added to 1.5 mL of sample solution. The solution was then stored at room temperature in darkness for 30 min. Shimadzu UV-2401/2501 spectrophotometer (Molecular Devices, Japan) was used to measure the activity at 517 nm. A decrease in absorption at 517 nm indicates high DPPH free radical scavenging activity. For the control solution, distilled water was used and prepared using the same process.

The equation used to calculate the activity was as follows:

[image: image]



ABTS radical scavenging assay

The ABTS radical scavenging activity of the hydrolysates was calculated using the method described in Re et al. (1999) with minor modifications. A stock solution was prepared by mixing ABTS (7 mM) and potassium persulphate (2.45 mM). This prepared mixture was kept for 16 h at room temperature in the dark. The stock solution absorbance was adjusted to 0.70 ± 0.02 at 734 nm by diluting with distilled water. The diluted ABTS solution (1 mL) was mixed with the sample solution (1 mL) for the analysis and kept for 10 min at room temperature. The absorbance of the sample was measured at 734 nm. For the control solution, instead of a sample, distilled water was used. The following equation was used to calculate the activity:

[image: image]



Metal chelating activity

The efficiency of BBE hydrolysate to chelate Fe+2 (ferrous ions) was calculated as described by the procedure (Decker and Welch, 1990). A total volume of 1.5 mL from each sample of the solution was mixed with a solution containing 0.2 mL of 5 mM ferrozine and 0.1 mL of 2 mM FeCl2. The absorbance was measured at 562 nm after 20 min of incubation of the reaction mixture. A 1 mL of distilled water, instead of the sample, was used as a control solution. The sample exhibited chelating activity was quantified according to the following equation:

[image: image]



Reducing power

A method described by Liu et al. (2010) with minor amendments was used to measure the reducing activity of the hydrolysate. Briefly, 1 mL of the sample was mixed with 1 mL of 0.2 M phosphate buffer (pH 6.6) and 1 mL of a 1% potassium ferricyanide solution. The mixture was incubated for 20 min at 50°C. After incubation, 1 mL of 10% TCA was added to the reaction mixture. A 0.1% ferric chloride solution, 1 mL of sample solution, and 1 mL of distilled water were mixed. The sample was kept at room temperature for 10 min, and 700 nm UV absorbance was used for detection. A high UV value in the reaction mixture showed high activity.



Thiobarbituric acid (TBA) assay

The TBA value was calculated using the method defined by Buege et al. (1978). A 0.5 g sample was homogenized in distilled water and mixed with 2 mL of TBA reagent containing 15% TCA, 0.375% TBA solution, and 0.25 N of hydrochloric acid (HCl). The solution was kept in hot water for 15 min. Upon heating, a pink color formed. The absorption of the solution was measured at a wavelength of 535 nm.

The following formula was used to calculate the TBA value.
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The TBA value is used to define the extent of oxidation and is stated as milligrams of malonaldehyde (MA) equivalents per kilogram sample.




Purification of peptides from bovine bone extract hydrolysate


Ultrafiltration

The enzymatic hydrolysate of BBE was fractionated by ultrafiltration using the MWCO membranes of 1,000 Da, 3,000 Da, and 5,000 Da. The BBEH was primarily filtered using a 5,000-Da membrane to obtain fractions (F-I, MW <5,000 Da), and then the 5,000 Da permeate was further filtered using a 3,000-Da membrane into a fraction of retentate (F-II, <3,000 Da). Thereafter, the 3,000-Da permeate was fractionated into a 1,000-Da retentate (F-III, <1,000 Da) permeate. The antioxidant activity of the fraction was calculated using DPPH, ABTS, and metal chelating assays. Those fractions that have higher activity were collected, freeze-dried, and stored at −20°C for further analysis.



Gel filtration chromatography (GFC)

The freeze-dried fraction was re-dissolved in distilled water and further purified using a gel filtration column, Superdex Peptide 10/300GL (10 mm × 300 mm); 2 mL of sample was filtered through a 0.45-μm filter membrane; the column temperature was 25°C with a flow rate of 0.6 mL min−1; and ultra-pure water was used as eluent. The fractions were monitored using a UV detector at 245 nm using a gel filtration chromatography device (AKTA Avant by Amersham Pharmacia Biotech Ltd., Uppsala, Sweden). The antioxidant activity of the fractions was dogged using reducing power and DPPH radical scavenging assays.



Reversed-phase high-performance liquid chromatography (RP-HPLC)

Fraction purified from the gel chromatography process having the highest function was re-dissolved in ultrapure water, and a 0.22-μm filtered membrane was used to filter the solution, which was then loaded onto the Eclipse XDB-C18 column (21.2 × 250 mm, and 10 μm) (Agilent Technologies, CA, USA) with a flow rate of 20 mL min−1. Methanol and ultrapure water were used as a mobile phase by adjusting the pH to 4 using 0.1% formic acid. The fractions were detected using a UV detector at 215 nm. All the peaks were collected separately, and a vacuum rotary evaporator (R-3 HB, BUCHI Labortechnik, Switzerland) was then used to remove water and methanol from the sample. The concentrated samples were used for further analysis.



LC–MS/MS for the identification of antioxidant peptides

The fraction having the highest radical scavenging activity after RP-HPLC purification was dissolved in ultra-pure water to obtain a concentration of 20 mg/mL, and 30 mL of the sample with a flow rate of 0.2 mL/min was loaded onto an Agilent 6,410 LC–MS/MS system to identify the sequence of the peptide. Before mass spectrometry identification, the samples must be separated using the ZORBAX SB-C18 column (4.6 × 250 mm, 5 μm). The scanning mode of mass spectrometry was from 50 m/z to 1,000 m/z. Other conditions were as follows: an ion source, positive ionization mode; temperature, 350°C; fragmentation voltage, 135 V; and capillary voltage, 4,000 V. In the multi-reaction monitoring (MRM) mode, the peptide’s mother ion [M + H]+ is bombarded with 10/15 eV collision energy to form fragment ions. For the analysis, mass spectrophotometry and MS/MS ion fragment B.07.00 software were used in the Agilent Mass Hunter qualitative analysis (Liu et al., 2010).




Statistical analysis

The statistical analysis was performed using SPSS-17 (IBM, NY, USA) and Origin 9.1 software (OriginLab Corporation, Massachusetts, USA). A one-way ANOVA was used to analyze the statistical analysis significance, and in case of significant differences (p < 0.05) among the treatments, Duncan’s multi-range test was carried out. The data were presented as means ± SD (standard deviation).




Results and discussion


Model fitting

The results of the three different variables [time (A), Flavourzyme (B), and Protamex (C)] for the total score and DH are presented in Table 3. The DH of the sample ranged from 6.5 to 14.5. The regression analysis showed that a second-order polynomial equation could be used to illustrate the total score and DH.

DH = +8.70 + 0.66*A + 3.12*B + 0.59*C + 0.26*A*B – 1.48*A*C + 0.20*B*C + 1.29*A2 + 0.26*B2 + 0.38*C2

Total score = 8.74 + 0.53*A + 0.60*B + 0.42*C + 0.30*A*B + 0.20*A*C – 0.050*B*C

−0.55*A2-0.75*B2 – 0.34*C2

where Y represents a1A (time), a2B (Flavourzyme), and a3C (Protamex), which are coded variables. The results of the regression coefficient and ANOVA are presented in Supplementary Table (data not shown). The model coefficient of determination (R2) was 0.96 and 0.98 for response 1 and response 2, respectively. It is suggested that the fitted model could explain 96 and 98% of the total variation. Values demonstrate a high degree of correlation between the predicted values and the observed experimental data.

In addition, the three-dimensional response surface, representing the relationship between the DH and total score and the parameters, was analyzed using RSM (Eq. 1).

The response surface plots of the three factors A, B, and C to the DH and the total score plotted according to the regression equation are shown in Figures 1A–C, 2A–C. It is shown in Figure 1A that the Protamex enzyme does not affect the DH while adding Flavourzyme significantly increases the DH. Figure 1B indicates that the increase in time for the hydrolysis causes an increment in the DH. In Figure 1C, the addition of Protamex significantly increases the DH. In Figures 2A–C, it can be seen that the total score significantly increases with an increase in the addition of enzymes and time duration.

[image: Figure 1]

FIGURE 1
 Response surface plots of Flavorzyme, Protamex, and time (hours) on the degree of hydrolysis of BBEH. (A) Response surface plots of Flavorzyme, Protamex to degree of hydrolysis. (B) Response surface plots of Flavorzyme, time to degree of hydrolysis. (C) Response surface plots of Protamex, time to degree of hydrolysis.


[image: Figure 2]

FIGURE 2
 Response surface plots of Flavourzyme, Protamex, and time (hours) on the total score of BBEH. (A) Response surface plots of Flavorzyme, Protamex to total score. (B) Response surface plots of Flavorzyme, time to total score. (C) Response surface plots of Protamex, time to total score.


The final optimized conditions obtained through the model were as follows: the amount of Flavourzyme: 1100 U, the amount of Protamex: 2814 U, and Time: 3.77 (h). In view of operability in the actual experiment, the optimized conditions were altered as follows: extraction time: 4 h, Flavourzyme: 1150 U, and Protamex: 2800 U. Using the optimized conditions, verification experiments were performed to confirm the precision of the response model. The experimental value of the total score is 9.19, and for DH, it is 10.40, which was close to the predicted values of 8.7 and 10.17, indicating that the model was adequate and accurate for predicting the DH and total score.



Enzymatic hydrolysis of bovine bone extract

The bovine bone extract proximate composition was evaluated on a dry weight basis, and the protein content was 40 g/100 g. Thus, we could suppose that the bovine bone extract would be a good sample for obtaining functional peptides by enzymatic hydrolysis. Single-enzyme hydrolysis and a combination of two enzymes (Protamex following Flavourzyme, papain following Flavourzyme, and trypsin following Flavourzyme) were carried out. Protamex, papain, and trypsin have endopeptidase characteristics, but Flavourzyme is an exopeptidase; therefore, the reason why enzymes were combined in order to obtain the best results.



Degree of hydrolysis (DH) calculation

The antioxidant activity of the hydrolysates is related to their DH. The percentage of peptide bonds cleaved by the enzyme is defined as DH. Hydrolysates with higher DH are supposed to contain more short-chain peptides of low molecular weight. Therefore, hydrolysate with higher DH retains stronger antioxidant activity (Zhuang et al., 2013).

Specific enzymes can be used for the hydrolysis of protein, which can upgrade the antioxidant activity of hydrolysates (Wali et al., 2020). The molecular weight of the protein hydrolysate, amino acid composition, and resulting bioactivity can be affected by the selection of enzyme, hydrolysis conditions, protein substrate, and degree of hydrolysis (Balti et al., 2011). The DH and time relation of the samples hydrolyzed with Protamex, Flavourzyme, papain, and trypsin are shown in Table 4 and Figure 3. It can be seen in the table that DH gradually increased with time; the increase in DH is slight and stabilized. When the hydrolysis time reaches up to 4 h, the DH rate decreases, which can be related to the fact that as time increases, the number of peptide bonds available for hydrolysis decreases.



TABLE 4 Degree of hydrolysis, ABTS scavenging activity, and DPPH scavenging activity of each hydrolyzed sample (4 h of hydrolysis).
[image: Table4]
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FIGURE 3
 Degree of hydrolysis of BBE with different enzymes (F hydrolysate with Flavourzyme™, Pr hydrolysate with Protamex™, P hydrolysate with papain, T hydrolysate with trypsin, F+Pr hydrolysate with Flavourzyme™ and Protamex™, F+P hydrolysate with Flavourzyme™ and papain, F+T hydrolysate with Flavourzyme™ and trypsin).


Reaction time and type of enzyme greatly influence the DH. The results (Figure 3) indicated that for all the enzymes, DH increased with time. At 4 h of digestion time, DH associated with Flavourzyme and Protamex combination was significantly higher as compared to the other enzyme digestion. The highest DH (17.4%) for the hydrolysis of BBE was produced by Flavourzyme and Protamex combination treatment for 4 h. Moreover, in terms of radical scavenging activity, the DPPH (57%) and ABTS (69%) radical scavenging activity were higher at DH (17.4%). According to Zheng et al. (2023), enzymatic hydrolysate of hard-shelled mussels is produced using a two-step enzymatic procedure: endo-proteases (alcalase, neutrase, trypsin, and pepsin) and exogenous proteases (papain, Flavourzyme, and bromelain), which showed improved antioxidant activity. A combination of endoprotease and exoprotease action is wide in nature and can hydrolyze more of the peptide bonds of BBE (Begum et al., 2021). Therefore, the higher DH is associated with Flavourzyme + Protamex treatment because these two enzyme combinations are more effective in preparing BBE hydrolysates.



Antioxidant peptides purification


BBEH fractionation by ultrafiltration

After enzyme hydrolysis, the short-chain peptides will be obtained. Peptides have some functional activity that the parent protein does not have (Wali et al., 2020). Due to differences in mechanisms of antioxidant assays, experimental conditions, and limited standardized protocols, it is recommended to use more than one assay for the evaluation of the antioxidant potential of the materials. Antioxidant activity is closely related to the peptide length, so it is not easy to evaluate which amino acid residue plays a dynamic role in antioxidant activity (Feng et al., 2018). For the purification and identification of peptides of different molecular weights, the ultrafiltration method was selected. The BBEH was fractionated by ultrafiltration with molecular weight cutoff (MWCO) membranes with a concentration of 1 g/10 mL in distilled water to obtain three fractions, which were named F-I (MW 5–3 kDa), F-II (3–1 kDa), and F-III (<1 kDa), respectively. The molecular weight (MW) of peptides has a vital role in antioxidant activity. Low molecular weight hydrolysate peptides generally have high antioxidant activity compared to large molecular weight peptides (Xing et al., 2018). Previously, many researchers investigated the relationship between bioactivity and MW through fractionation by ultrafiltration, and it has been stated that higher activity is directly associated with the lower MW (Zhuang et al., 2013). As shown in Figure 4 and Table 5, all the fractions showed radical scavenging capacities at 5 mg/mL concentration, among which the strongest scavenging ability was observed in F-III in terms of DPPH radical, metal chelating, and ABTS radical, while both F-I and F-II showed the low DPPH radical scavenging activity and metal chelating activity. In terms of TBA and reducing power ability (Table 5), the activity increased as MW decreased. However, F-III was comparatively rich in low MW peptides. In the study reported in Wang et al. (2022), skipjack tuna roes hydrolysate was separated (50.0 mg/mL) into different components using the MWCO ultrafiltration membranes of 1, 3, and 5 kDa, respectively. Four resulting components, defined as TRPH-I (MW < 1 kDa), TRPH-II (1 < MW < 3 kDa), TRPH-III (3 < MW < 5 kDa), and TRPH-IV (MW > 5 kDa), were collected. TRPH-I fraction having a molecular weight (<1 kDa) having the highest DPPH• scavenging activity (55.23 ± 0.8%). Other studies also confirmed that the protein hydrolysate antioxidant ability is negatively influenced by the molecular weight of the peptides. Our study is also in line with other studies that low molecular weight fraction of hydrolysate from tuna dark muscle, skate cartilage, Antarctic krill, and miiuy croaker muscle had higher activities (He et al., 2019; Wang et al., 2021). Ultrafiltration fraction from Monkfish (Lophius litulon) Swim Bladders having molecular weight of <1 kDa showed significantly higher DPPH (51.57 ± 1.45%) and HO·scavenging rates (76.96 ± 2.40%) as compared to the higher molecular weight fraction (Sheng et al., 2023).

[image: Figure 4]

FIGURE 4
 Radical scavenging abilities of fractions isolated by ultrafiltration at 5 mg/mL. All the values were mean ± SD (n = 3). SD, standard deviation (p > 0.05).




TABLE 5 Antioxidant activity of ultrafiltration fractions (5 mg/mL).
[image: Table5]

These findings were comparable to the other researchers’ findings showing that the antioxidant activity of the hydrolysates is strongly dependent on the MW distribution. Hydrolysate and low MW peptides can interact with free radicals and control or slow the process of oxidation (Guo et al., 2015). Therefore, fractions under 1 kDa were selected for further antioxidant ability analysis.



Gel permeation chromatography

Enzymatic hydrolysis can produce a wide range of free amino acids and smaller peptides. Peptide activity is highly affected by the molecular size of the peptides. The most frequent method used to separate bioactive peptides from protein hydrolysate is gel filtration. These changes in protein structure can affect antioxidant activity (Kou et al., 2013). This method also separates colloids from low molecular weight solutions and removes salt from the protein mixture (Najafian and Babji, 2014). Fraction F-III obtained from ultrafiltration exhibited higher antioxidant activity; then, it was further separated into several fractions using gel filtration chromatography at the concentration of 1 mg/mL, among which three fractions, Frac-I, Frac-II, and Frac-III, showed the highest antioxidant activities. All fractions separated showed antioxidant activities. The results of DPPH radical activity, reducing power, and gel permeation chromatography results of F-III of BBEH are shown in Figure 5.

[image: Figure 5]

FIGURE 5
 Gel filtration chromatography of F-III on a Superdex Peptide 10/300GL (10 mm × 300 mm). Elution profile of bovine bone extract hydrolysate (left) and the DPPH radical-scavenging activities and reducing the power of the separated fractions (right).


According to the scavenging ability shown in Figure 5, the Frac-III had the highest scavenging rate of 55.06% among all fractions, and the Frac-IV had the lowest radical scavenging activity of 20%. According to Cai et al. (2022), skipjack tuna cardiac arterial bulbs enzyme hydrolysate ultrafiltration fraction was sub-fractionated using a Sephadex G-25 column, and two fractions GPC-I and GPC-II were obtained. DPPH and HO scavenging rates of GPC-II were 76.71 ± 1.66% and 70.45 ± 1.84%, respectively. The results showed that peptides that elute later showed higher antioxidant activity. According to Wang et al. (2022), the DPPH• activity of IC-iii was lower than IC-ii, but its MW was higher than that of IC-iii (p < 0.05). These findings suggest that the activity of peptides depends not only on peptide molecular size but also on other factors such as the sequence of amino acids and composition (Sila and Bougatef, 2016). Antioxidant peptide from Antarctic krill hydrolysate was identified using stepwise chromatography, and the gel chromatography results showed that DPPH• (48.19 ± 2.51%) and HO• (40.52 ± 2.03%) scavenging abilities of AK-II-1 were significantly higher than those of other fractions at the concentration of 1.0 mg protein/mL (p < 0.05) (Wang et al., 2021).

Various bioactive compounds have a direct association with reducing power and antioxidant activity. Therefore, the reducing test was probed to calculate the activity of all the fractions. The absorbance of Frac-III at 700 nm was 0.8, followed by Frac-II (0.52). Xing et al. (2018) reported that short-chain peptides with an MW of <1,400 Da purified from mackerel hydrolysate had an improved ability to scavenge free radicals. Other studies also showed higher hydroxyl radical scavenging activity of lower MW fractions than larger MW fractions (Bah et al., 2016; Mohammadi et al., 2016). Consequently, the Frac-III revealed the highest antioxidant activity, so it was selected for further analysis.



Separation of Frac-III by RP-HPLC

The hydrophilic and hydrophobic characteristics of peptides play a vital role in the retention time to elute in the RP-HPLC column; also, the ratio of polar and non-polar solvents adjusts the retention time. The peptide separation with RP-HPLC takes advantage of the molecular polarity differences in the tested solution. RP-HPLC is considered a popular method for the purification of peptides from protein hydrolysates (Li et al., 2017).

A purified fraction from gel filtration that exhibited the highest antioxidant activity was purified using RP-HPLC; due to the advantages of high efficiency of the column, improved resolution, and sensitivity, it was suggested to be the last step in the purification of the peptides.

According to Zhang et al. (2014), polar peptides (hydrophilic) eluted first than non-polar (hydrophobic peptides). Figure 6 and Table 6 present the scavenging activity and elution fractions from Frac-III. The gel filtration fraction was further separated into six fractions (fractions 1 to 6), as shown in Figure 6. As compared to the other fractions, the activity at the concentration of 500 μg/mL of the sixth peak of the RP-HPLC fractions had highest DPPH scavenging ability (69.45%). The sixth fraction was eluted at 15.23 min, and the retention time was longer than the other five peaks. It has been proposed that peptide fractions separated by hydrophobic chromatography column have a large elution time, suggesting that antioxidant peptides from BBEH retain strong hydrophobic characteristics. Myofibrillar protein hydrolysates were fractionated using RP-HPLC into four fractions. Fraction 4 having an elution time of 12:63 min showed high DPPH radical scavenging activity as compared to other fractions. Owing to the large elution time in the hydrophobic column, it has been suggested that peptides from the sample retain strong hydrophobic properties. The antioxidant activity of the purified peptides was 2.97-fold greater than the sample without separation (Najafian and Babji, 2014). Sheep plasma protein hydrolysate was purified using semi-preparation RP-HPLC; based on the retention time, nine fractions were collected. The DPPH radical scavenging ability and FRAP antioxidant capacity were evaluated, and among all fractions, F1and F2 exhibited significantly higher DPPH and FRAP activity (97.28%), (97.10%), and (64.58–89.58%), respectively. Numerous studies determine the biological activity of protein hydrolysates; the size of peptides is closely related to the activity; and the most active fraction in these studies contributing to activity was <1 kDa fraction. However, various other factors such as the structure of these peptides and richness in hydrophobic and aromatic amino acids also responsible for activity (Hou et al., 2019). These results were consistent with Megías et al. (2004) and Zhao et al. (2010). The structural characteristics of peak 6 were further identified for the conformation of hydrophobic amino acids present.
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FIGURE 6
 Separation of fraction Frac-III by RP-HPLC.




TABLE 6 Antioxidant activity of fractions purified from Fra-III by RP-HPLC at 500 μg/mL.
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Analysis of antioxidant peptide sequences and peptide synthesis

For peptide sequence identification, mass spectrometric approaches have been widely used due to their high sensitivity (Hu et al., 2019). To identify the peptides that were mainly accountable for the activity, peak-6 obtained through RP-HPLC was further identified using LC–MS/MS. The peptides were found with m/z 333.12 (M + H)+ and 369.14 (M + H)+, and the sequences of peptides were Ala-Pro-Phe and Asp-His-Val, respectively (Figures 7A,B). Previous research showed that the antioxidant activity of peptides depends on structure, molecular weight, sequence, and amino acid composition (Xia et al., 2020). Peptide solubility in lipids can be enhanced by hydrophobic peptides, which enables accessibility to hydrophobic radical species. Non-polar amino acids (Met, Ala, Pro, Val, Leu, and Trp) played a vital role in the free radical scavenging activity. It was identified previously that the majority of peptides exhibit antioxidant activity by having one or more hydrophobic amino acids (Samaranayaka and Li-Chan, 2011; Zhu et al., 2013). Peptide consists of 2–20 amino acids that can exert biological effects by crossing the intestinal barrier (Shahidi and Zhong, 2008). Other researchers also reported that molecular weight distribution has an important role in the antioxidant activity of the hydrolysates. Low molecular weight hydrolysates and peptides possess high antioxidant activity (Guo et al., 2015).
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FIGURE 7
 Identification of the molecular weight and amino acid sequence of the purified peptide using the LC–MS/MS spectrum. (A) Ala-Pro-Phe. (B) Asp-His-Val.


The identified peptide (Ala-Pro-Phe) shown in Figure 7A consists of hydrophobic and aromatic amino acids. Previous research revealed increased radical scavenging ability in peptides having aromatic and hydrophobic amino acids (Sarmadi and Ismail, 2010).

The identified peptides were synthesized, on the basis of their amino acid sequence. The antioxidant activity was investigated using the DPPḤ and TBA assays. As shown in Table 7, both the synthesized peptides exhibit antioxidant activity, and the peptide (Ala-Pro-Phe) showed the highest DPPH radical scavenging activity and TBA value IC50 (0.158 mg/mL) and 1.82 mg malonaldehyde/kg.



TABLE 7 Antioxidant activities of the synthesized peptides from bovine bone extract hydrolysate (BBEH).
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Protein hydrolysates are abundant in non-polar (hydrophobic) amino acids (i.e., Leu, Ala, Val, Ile, Phe, Tyr, Pro, Lys, and Met) and conform to antioxidant capacity because of the presence of a large number of electrons that can quench free radicals by donating their electrons (Rong et al., 2013; Zhang et al., 2014). The identified peptide (Asp-His-Val) shown in Figure 7B contains histidine. Histidine-containing peptides have been reported to have antioxidant capacity. Histidine can donate electrons via resonance structure and convert radicals to stable molecules (Park et al., 2001). The acidic amino acids present, such as Asp (aspartic acid) in the peptide sequence, are important for the antioxidant activity because of the carboxyl group in their side chain (Suetsuna et al., 2000). Short-chain peptides were previously separated and identified, e.g., hydrolysates of corn gluten (375.46, 488.64, and 522.64 Da), hydrolysates of sweet potato protein (640–930 Da), and hydrolysates of Zizyphus jujube protein (678.36 and482.27 Da) (Wongsrangsap and Chukiatsiri, 2021). According to the literature, aspartic acid possesses free radical quenching activity, due to the existence of free electrons, while the presence of an imidazole ring in histidine structure acts as a proton donor, indole and pyrrolidine rings in proline donate hydrogen via hydroxyl group. In our study, the identified peptide also consists of these amino acids. A favorable hydrophobic microenvironment for peptides can be produced by hydrophobic amino acids such as phenylalanine and valine (Ma et al., 2018). Peptides isolated from pea protein hydrolysate have 3–7 amino acids and molecular weights of 933.06, 507.59, and 429.47 Da. The ratio of hydrophobic amino acids in the peptide structure was 33.33, 50, and 28.57%, respectively, which may be helpful by providing H+ and acting as an antioxidant source (Zhao and Liu, 2023).





Conclusion

In the current study, we have fractionated and characterized two antioxidant peptides from BBEH (bovine bone extract hydrolysate) using various enzymes for hydrolysis (Flavourzyme and Protamex) for the first time. The results show that BBEH is effective for chelating ferrous ions and scavenging free radicals. Peptides with various molecular weights (MW) and amino acid sequences were purified after a series of steps, and their antioxidant capacities were assessed. The results indicated that ultrafiltration Fra-III infatuated high free radical scavenging activity and was further purified into 6 fractions by RP-HPLC. The MW and amino acid sequence of the purified peptide were identified as Ala-Pro-Phe (333.12 Da) and Asp-His-Val (369.14 Da). Two newly purified peptides can be used for free radical scavenging and as natural antioxidants to prevent food oxidation. These results could play the foundation of the practical utilization of BBEH peptides as functional food ingredients and provide the basis for the application of BBEH antioxidant peptides in pharmaceuticals. The potential application of this finding might provide a novel strategy for using antioxidant peptides in health-promoting products and can replace synthetic antioxidants. However, further in vivo studies are required to examine the antioxidant capacities of these two purified peptides; moreover, studies should be done to determine structure–activity, physiological functions relationship, and application of the identified peptides.
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