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Abstract

:

Featured Application


The work can provide a certain theoretical basis for the production and preparation of zinc supplement and improve the added value of tilapia skin.




Abstract


To investigate the effect of the molecular weight of tilapia skin collagen peptide fractions on their zinc chelation capacity and the bioaccessibility of their zinc complexes, we evaluated the zinc-chelating ability of different molecular weight peptide, the solubility, and the stability of the complexes during simulated in vitro digestion. Low molecular weight peptide (P1) exhibited a higher zinc-chelating ability, which can be attributed to the variety of metal chelate amino acid residues. The highest solubility and the lowest release of zinc during peptic digestion for the P1-zinc complex and the zinc binding to P1 were retained at approximately 50% after peptic-pancreatic digestion. Fourier transform infrared spectroscopy indicated the primary involvement of the N-H group in all peptide-zinc complexes. This finding suggests that low molecular weight peptidefraction with strong zinc chelation ability can be used as delivery agents to improve zinc bioaccessibility.
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1. Introduction


Zinc, as an essential micronutrient, is critical to human health and involved in several biological processes, such as enzyme catalysis, DNA replication, RNA transcription, cellular signal transduction, and carbohydrate metabolism [1]. Zinc also plays significant roles in regulating cell growth, gene expression, and immune responses [2]. Non-digestible plant components as diverse as phytate and fiber can bind with zinc to form insoluble complexes, which can restrain zinc absorption in an organism, and calcium ions, high concentrations of ferrous ions, and folic acid are also perceived to inhibit zinc absorption during gastrointestinal tract digestion, thereby leading to zinc deficiency [1,2,3]. Symptoms of zinc deficiency, including growth defects, gonadal dysfunction, dermal and immune alterations, and neurological dysfunctions [4,5] are widespread in developing counties. Because of its low bioavaiability and its ability to cause gastrointestinal tract irritation after long-term consumption [6], the use of zinc salt as a general source of zinc supplement has decreased. Accordingly, it is particularly important to determine alternative methods to enhance the absorption and the bioaccessibility of zinc.



Research on food-derived nutritional supplements has significantly risen in recent years. Compared with zinc salt and zinc-protein complexes, food-derived chelating peptides possess metal ligands such as His, Cys, Asp, Glu, and Ser, which can bind with zinc to form soluble complexes with higher dietary zinc absorption and bioaccessibility [2,7,8]. For example, the solubility of the oyster protein hydrolysate-zinc complex is markedly increased compared with that of ZnSO4 in various buffer solutions and simulated gastrointestinal digestion conditions, which indicates that this protein hydrolysate-zinc complex can enhance zinc bioaccessibility [9]. Whey-derived peptides with high-magnitude net negative surface charge have strong zinc chelation capacity with high gastric stability, which can enhance zinc delivery. However, their zinc bioaccessibility is reduced during gastrointestinal (GI) digestion. The stability of the peptide-zinc complex affects the release of zinc during gastric digestion, and zinc ion could combine with phytic acid upon entering the duodenum, thereby inhibiting zinc absorption and bioaccessibility [10].



The structural properties of peptides, such as their molecular weight and amino acid residues, are related to their metal-chelating activity, which can affect the bioaccessibility of the metal. A previous study confirmed that the contents of His, Glu, Cys, and Asp in peptides contribute to the metal-chelating activity [11]. The molecular weight of the peptide also influences the metal-chelating activity. However, many studies have reported that both low molecular weight peptides and high molecular weight peptides exhibit higher metal-chelating activity [12,13]. These inconsistent results are still not completely understood.



One of the largest freshwater cultured fish in China is tilapia. The processing utilization rate is only 30–40%, and a massive amount of non-edible by-product, including fish skin, a potential source of collagen, is produced. The use of tilapia skin-derived collagen poses no risk of disease transmission and faces no religious barriers, and this high-yield product can serve as an excellent substrate for the production of peptides [14]. Many studies have focused on the purification of metal-chelating collagen peptides and the preparation and analysis of peptide-zinc complexes [9,11,15]. However, there is little information on the relationship between the molecular weight and zinc-chelating activity of collagen peptide fractions. Therefore, this study aimed to investigate the role of the molecular weight of collagen peptide fractions in their zinc chelation capacity and the zinc solubility. Furthermore, the stability and zinc bioaccessibility of their zinc complexes in vitro were also assessed.




2. Materials and Methods


2.1. Materials


Different tilapia skin collagen peptide fractions (P1, P2, and P3) were provided by Hainan Shengmeinuo Biotechnology Co., Ltd. Pepsin and pancreatin were purchased from Sigma-Aldrich Inc. (Sigma-Aldrich Co., St. Louis, MO, USA). Zinc lactate was purchased from Shanghai Quanwang Biotechnology Co., Ltd. All other reagents used in this study were analytical grade.




2.2. Determination of Molecular Weight of Peptide Fractions


The samples were determined by using a high-performance liquid chromatography system (Daojing ltd., Tokyo, Japan) on a TSK -GEL G2000 SWXL column (Tosoh ltd., Tokyo, Japan) [14]. The samples (5 mg/mL) were eluted using an isocratic gradient of 0.1 mol/L PBS with 0.1 mol/L Na2SO4 (pH 6.7) at a flow rate of 0.5 mL/min and was monitored at 214 nm. loading quantity of sample was 20 μL. Molecular weight standards were VB12 (1355 Da), cytochrome C (12,384 Da), trasylol (6,511 Da), bacitracin (1,450 Da), glutathiol (512.63 Da), Gly-Gly-Tyr-Arg (451 Da), Gly-Gly-Gly (189 Da).




2.3. Preparation of the Peptide Fractions-Zinc Complexes


The peptide fractions-zinc complexes were prepared following the method described by Udechukwu, Downey, and Udenigwe [10] with some modifications. The peptide fraction (10 mg/mL) was dissolved in 50 mM phosphate buffer (pH 6.0) containing 5 mmol/L zinc lactate. The reaction was carried out at room temperature for 40 min under stirring. After incubation, the free zinc was removed by dialysis for 5 h using a <500 Da molecular weight cut-off semipermeable membrane, and the retentates were freeze-dried to obtain the intact chelate powders.




2.4. Determination of Zinc Chelating Ability


The zinc-chelating ability was determined according to the method described in the literature with some modifications [15]. The zinc content in the complexes, as mentioned above, was determined by atomic absorption spectrometry (Beijing general instrument co., ltd., Beijing, China). The following formula was used to calculate the zinc-chelating ability:


  Zinc   chelating   ability =   Zinc   content   in   complex   Total   zinc   content   × 100 %  












2.5. Determination of Zeta Potential of Peptide


The zeta potential of peptide fractions with different molecular weights was determined using a Zetasizer Nano S90 (Malvern Instruments Ltd., Malvern, UK). The sample was dissolved in deionized water to a final concentration of 1 mg/mL. The solution was contained in a capillary tube after equilibration for 2 min at 25 °C, and then the zeta potential was detected.




2.6. Amino Acid Composition Analysis


Peptide fractions and their zinc complexes were hydrolyzed by 6 M HCl for 24 h at 110 °C and analyzed by HPLC (Agilent 1100 HPLC, Agilent Ltd., USA). The amino acid composition of the sample was calculated as mole%.




2.7. Fourier Transform Infrared (FTIR) Spectroscopy


Peptide fractions and peptide fractions-zinc complexes were qualitatively analyzed using a FTIR spectrometer (Bruker ltd., Massachusetts, USA). Sample preparation was carried out as follows. First, trace samples and 20 mg KBr were mixed in an agate mortar, fully ground under drying conditions. Second, the mixture was ground into a fine powder and used to make the transparent KBr piece. The spectra were recorded at a resolution of 2 cm−1 in the range of 4000 cm−1 to 400 cm−1, with an average of 32 scans.




2.8. Zinc Solubility in Various pH Values


The solubility of the peptide fractions-zinc complexes was determined according to the literature with some modifications [16]. Diverse pH conditions were generated using appropriate buffers at 0.1 mol/L (KCl-HCl and citric acid phosphate buffer solution). The zinc-peptide fractions complexes were dissolved in the solution mentioned above to a final concentration of 1 mg/mL. After shaking at 37 °C for 2 h, the samples were centrifuged at 2500 g for 20 min at 20 °C, and the supernatant was collected. The content of zinc was determined by atomic absorption spectrometry (TAS-990 Super AFG). The zinc solubility was calculated as follows:


  zinc   solubility =   zinc   in   supernatan   t   total   zinc   in   solution   × 100 %  












2.9. Determination of Zinc Dialyzability and Stability Under Simulated Gastrointestinal Digestion


Zinc dialyzability was determined using the method described in the literature with some modifications [8,10]. The peptide fractions-zinc complexes dispersed in deionized water to a final concentration of 1 mg/mL were pre-incubated at 37 °C for 30 min. The mixtures were maintained to pH 2.0 l before pepsin (1:100, w/w) was added. The solutions were incubated at 37 °C for 1 h and stirred continuously, followed by dialysis to remove free zinc. Next, a portion of the retentate was freeze-dried to determine the gastric stability of the complex. The other part was adjusted to pH 7.5 with 1 mol/L NaOH and kept pH stability during the simulated intestinal digestion. Pancreatin was added to the above solution, followed by continuous incubation at 37 °C for 3 h. Then, the mixture was dialyzed, and the retentates were freeze-dried to obtain powder. Peptide fraction were used as controls. The zinc content of the three peptide fractions-zinc complexes and their peptic and peptic-pancreatic digests were analyzed by atomic absorption spectrometry (TAS-990 Super AFG). The gastric stability was calculated from the amount (%) of zinc released after pepsin hydrolysis. Zinc dialyzability (bioaccessibility) was calculated using the following formula:


  Zinc   dialyzability =   total   amount   of   dialyzed   Zn   Zn   in   pepsin   digest   × 100 %  












2.10. Statistical Analysis


Statistical analysis was conducted by using SPSS software (SPSS Inc., Chicago, USA) for one-way ANOVA and multiple comparisons. All experiments were carried out in triplicate and data were presented as the means ± standard deviations of various samples. Statistical significances (p < 0.05) were evaluated by LSD test.





3. Results and Discussion


3.1. The Molecular Weight Distribution of Peptide Fractions


The distributions of different peptide fractions with molecular weight were shown in Table 1. The components of the peptides were divided into three groups (<1000 Da, 1000–3000 Da, and >3000 Da). The average molecular weight of the samples was 1653 Da (P1), 2745 Da (P2), and 4378 Da (P3), respectively.




3.2. Zinc-Chelating Capacity of the Peptide


Different molecular weight hydrolysate fractions had different physicochemical properties and functional properties [17]. Figure 1 presents the zinc chelation capacity of the peptide fractions. The zinc chelation capacity decreased from 33.25 ± 1.03% to 19.44 ± 0.89%, as the molecular weight of the peptide fractions increased. The zinc chelation capacity of P1 with higher surface charge, was higher than that of the other two groups. A peptide fraction with higher potential has more negative surface charges, which may provide more zinc-binding sites. It was apparent that the higher potential of peptide which can attract more zinc ions chelate to the anionic surface of the peptide fraction, although they exhibit similar amino acid composition. Furthermore, the molecular weight of peptide fractions is proportional to their dispersion, surface hydrophobicity, and particle size [18,19,20]. Zhang suggested that the low molecular weight pig skin collagen peptides with higher degree of hydrolysis exhibited higher surface hydrophobicity and charge, which have better stability and dispersion in solution. [21]. These results suggest that the molecular weight can be used as an indicator to predict the zinc chelation capacity pattern of a peptide. Fish collagen peptides have been reported to bind with several metals, such as Fe, Cu, and Ca [11]; however, this study is the first to report their zinc chelation capacity and the influence of molecular weight on the zinc chelation capacity.




3.3. Zeta Potential of the Peptide Fractions


The net negative charge of each peptide fraction was determined from its zeta potential and the value of zeta potential determined surface phenomena occurring at the interface. The zeta potential values of the three peptide fractions of different molecular weights are presented in Figure 2. There was a clear trend of the potential increasing from -12.91 ± 2.04 mV for P1 to -5.83 ± 0.97 mV for P3. As the molecular weight of the peptide fraction increased, the absolute value of the zeta potential decreased. This can be attribute to the changes in the surface charge distribution of the native protein on the basis of its molecular rearrangement during hydrolysis and the repulsive intermolecular electrostatic force increased with the increase in the degree of hydrolysis (DH). Furthermore, the molecular weight of hydrolysate fraction decreases with the increase of DH under certain hydrolysis conditions and it indicated that low molecular weight peptide fraction with higher DH exhibited the higher surface charge. The surface charge of the peptides was conducive to the stability of the particles except when the particle size could not be balanced with electrostatic repulsion [16,21,22]. The low molecular weight peptide fraction P1 exhibited the strong zinc chelation capacity, this can be due to the high electrostatic repulsion at P1 surface, reflected by high magnitude zeta potential, which inhibit intermolecular aggregation leading to small peptide particles. The iron chelation capacity of sea cucumber ovum hydrolysates, as well as the stability of their iron complexes, was influenced by their net negative charge [23]. The zeta potential of the peptides indicated that they possessed different degrees of stability in aqueous solution, which affected their affinity for metal ions and the stability of their metal complexes [24]. The low molecular weight of peptide fraction with higher surface charge is considered to be related to the strong zinc chelation capacity and stability of the zinc-peptide complexes.




3.4. Amino Acid Composition


The functions of the peptide are determined by the amino acid composition. The amino acid composition of peptide fractions was shown in Table 2. The hydrophilic amino acids including aspartic acid (Asp), arginine (Arg), and histidine (His) were correlated with metal-binding activities [23] and there was no significant difference on the contents of amino acids in different molecular weight peptides fractions. However, we found that Asp residue of three peptide fractions all did not participate in the reaction, particularly. Furthermore, the contents of other hydrophilic amino acids (Arg and His) in P3 had decreased after chelating with zinc.



Compared with high molecular weight peptide fraction P3, various of amino acids in low molecular weight peptide fraction P1 with strong zinc chelating capacity participated in zinc chelation reaction except the hydrophilic amino acids. Additionally, the acidic-amino acids (His and Cys), serine (Ser), and glycine (Gly) in P1 were involved in the chelating reaction, but the contents of those amino acids had decreased in P3 after binding with zinc. This can be attribute to the low molecular weight peptide with higher surface charge, which provide more sites for chelating zinc and the occurrence of higher DH lead to the exposure of more amino acid residues whose side chains can participate in zinc coordination [10,21]. A study of chelating peptides from oyster protein hydrolysates indicated that acidic amino acid residues including His and Cys were the major binding sites of zinc ion [15]. Guo et al. [11] reported that Ser residues played an important role in the metal chelation reaction. Wang et al. [25] reported that Gly can participate in the formation of complex Al(III). In addition, the imidazole ring of His and thiolate group of Cys in low molecular weight peptide fraction was able to efficiently chelate metal ions [26]. Metal ions could simultaneous bound with more bind sites including the N-terminal amino group and a distant donor atom in a macrochelate structure which caused by the presence of Pro in the internal position of the peptide sequence [26,27], and the content of Pro with metal chelation capacity in P2 and P3 was remarkably lower than P1, but participated in the reaction. A previous study found that the combination of high His content and small peptide size was correlated with high copper chelating activity [28]. This result suggests that a variety of amino acids in low weight molecular peptide fraction with strong zinc chelation capacity involve in the chelation than in high molecular weight peptide fraction and it can provide more site for bounding zinc to forming a stable complex.




3.5. Characterization of the Zinc-Peptide Fractions Interactions by FTIR


The functional groups related to the chelate of zinc in the peptide fractions-zinc complexes were investigated by infrared spectroscopy [29]. There were no significant differences in the infrared spectra of the three peptide fractions or their zinc complexes, which indicated that these peptide fractions with different molecular weights have similar zinc-binding ligands in nature. The wavenumbers of the notable band shifts in the infrared spectra of these samples are listed in Table 3. There is a significant difference in the spectral band position and intensity between the peptide fractions and their peptide-zinc complexes. The characteristic absorption band of amide A is between 3300 cm−1 and 3440 cm−1 and is mainly related to N-H stretching [30]. The wavenumbers of the amide A band were 3316, 3388, and 3419 cm−1 for the three peptide fractions and distinctly shifted to 3403, 3415, and 3426 cm−1, respectively, for the three peptide-zinc complexes. This shift may be due to the electron-withdrawing effect of Zn2+ and the nitrogen atoms can form coordination bonds with zinc ions by offering their electron pairs, the hydrogen bonds were replaced with Zn-N bonds [31,32]. Compared with the other two peptide fractions, P3 exhibited less N-H stretching, which suggested that P3 had a weaker affinity for Zn2+.



The absorption band of the peptide fractions in the range of 1600–1700 cm−1, characterized as the amide I band, was attributed to the C=O stretching vibrations coupled with the bending vibrations of N-H. There was no remarkable shift in this band for the peptide-zinc complexes, which indicated that the C=O of the peptide fractions was not intimately coordinated with Zn2+. Amide II bands (1500–1600 cm−1), caused by N-H bending coupled with C-N stretching, shifted slightly with the different molecular weight of the peptide fractions [33]. The peak corresponding to the -COO− carboxylate group was different for any of the Zn2+-treated peptide fractions, which may result from the replacement of H with zinc The positions of the bands for amide III (Barth, 2007), caused by both N-H in-plane bending and C-N stretching vibrations, shifted slightly in the spectra of three chelates. The peak at 658 cm−1, caused by the completely in-plane vibration of the O=C-N bond was shifted to 591 (P1-Zn), 570 (P2-Zn), and 597 cm−1 (P3-Zn) when peptide fractions were bound to zinc, which was caused by the increasing electron cloud density of O=CH2 and decreasing election cloud density of N-H, shifted [34,35]. The FTIR results suggest that some functional peptide groups were more or less involved in Zn2+ binding, the amino group was the primary Zn2+ reaction site in the low molecular weight collagen peptide fraction.




3.6. Zinc Solubility at Various pH Values


Zinc solubility is one of the significant components that can affect zinc absorption and availability [16]. Figure 3 presents the experimental data on the zinc solubility of the three peptide fractions-zinc complexes at various pH values. The three peptide-zinc complexes exhibited higher zinc-releasing capacity at pH 2–6. Higher solubility of metal ions in acidic pH increases their absorption in the duodenum and proximal jejunum. When the pH was increased to 7 and 8, the amount of zinc released was dramatically diminished, and the zinc absorption rate was markedly reduced in the distal small intestine. In weakly alkaline conditions, a portion of Zn2+ could combine with -OH to form precipitates [15], which decreases the zinc content in the supernatant. The pH in the human intestinal tract is approximately 7.2, and the P1-Zn complex exhibited higher zinc solubility in the weakly basic conditions, potentially because low molecular weight peptide fraction with highly exposed side chains and higher surface charges provide more binding sites for peptide-zinc complexes formation, which could decrease zinc precipitation and interactions with other metals [36]. Furthermore, zinc, which chelates amino acids and loosely binds to intracellular proteins, is the available forms of zinc mineral inside enterocytes or intestinal absorptive cells. Therefore, P1 has higher zinc chelation capacity than other peptide fractions and can enhance the solubility of zinc at neutral pH conditions.




3.7. Gastric Stability and Zinc Dialyzability


The structural properties, such as the molecular weight and amino acid composition, of peptides can influence the behavior of their metal complexes. Zinc release is attributed to the disintegration of the complex at the acidic gastric pH and the proteolytic action of pepsin, which causes further hydrolysis of peptide and dissociation of their zinc complexes [10]. Unsurprisingly, zinc was released from the three peptide fractions-zinc complexes during simulated gastrointestinal digestion. However, zinc release was notably lower from the P1-zinc complex than from the other complexes (Table 4), which indicated that a peptide fraction-zinc complex with low molecular weight was more stable in the gastric phase, possibly because of its high net negative surface charge [37]. Zinc release from the three peptide-zinc complexes significantly increased after further digestion by pancreatin but remained highest for P1-zinc than for the others (Table 3). A similar study found that two whey protein-derived peptide-zinc complexes with different chelation capacities released low amounts of zinc during simulated gastric digestion but released large quantities of zinc after hydrolysis by pancreatic enzymes [10]. Peptide fractions with a net charge are expected to maintain their zinc chelation capacity at pancreatic pH. Therefore, the release of zinc at this pH can be attributed to further cleavage by pancreatic enzymes, which is desirable for intestinal absorption. The C-terminal end of both Cys and Ser can be hydrolyzed by pancreatic enzymes, while the contents of Cys and Ser in the P1-Zn complex was higher than that in the other complexes and could lead to higher hydrolysis [38]. As a result, zinc dialyzability is higher for low molecular weight peptide fraction-zinc complex, with higher solubility, than for high molecular weight peptide fraction, indicating that the zinc delivered via the former is more bioaccessible (available for absorption). However, more than half of the zinc was retained in the three peptide-zinc complexes after simulated gastric intestinal digestion. The molecular weight of peptide fraction can influence the formation and stability of the zinc complexes, which indicated that peptide structure can affect the zinc release from peptide-zinc complexes for intestinal absorption. This suggest the low molecular weight peptide fraction-zinc complex may have the potential to improve zinc bioavailability and to be used as an ingredient in foods.





4. Conclusions


This study investigated the zinc chelation capacity of collagen peptide fractions from tilapia skin with different molecular weights and the bioaccessibility of their zinc complexes. The results showed that the low molecular weight peptide fraction P1 with diverse metal-chelating amino acid residues participated in the chelation, exhibited stronger zinc chelation capacity than P3. The FTIR spectra of the three peptide-zinc complexes with different characteristics showed the amino group was the main metal-chelating ligands. Compared to the other two complexes, the P1-zinc complex possessed higher zinc solubility under neutral pH conditions, stronger gastric stability and zinc dialyzability during gastrointestinal digestion. High molecular weight peptide fraction can limit zinc dialyzability from complexes, which can influence zinc bioaccessibility, and this effect was more pronounced in the P3-zinc complex. Therefore, peptide fractions with low molecular weight can improve gastric stability and zinc absorption during intestinal digestion. In vivo studies focusing on determining their bioaccessibility of zinc in complexes with low molecular weight peptide fractions and their practical ability to enhance zinc absorption will be further carried out.
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Figure 1. Zinc chelating capacity of three molecular weight peptide fractions; bars in each chart with different letters represent significantly different mean values with P < 0.05. 
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Figure 2. Zeta potential of three molecular weight peptide fractions; bars in each chart with different letters represent significantly different mean values with P < 0.05. 
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Figure 3. Zinc solubility of three peptide-zinc complexes at various pH values. 
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Table 1. Molecular weight distribution of peptide fractions.
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Molecular Weight

Range

	
Percentage of Peak Area (%)




	
P1

	
P2

	
P3






	
>3000 Da

	
15.19

	
32.52

	
52.38




	
1000–3000 Da

	
39.14

	
32.30

	
30.66




	
<1000 Da

	
45.67

	
35.18

	
16.96




	
Average molecular weight (AMW)/Da

	
1653

	
2745

	
4378
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Table 2. Amino acid composition (mole/%) of three molecular weight peptide fractions and their zinc complexes.
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	Amino Acid
	P1
	P1-Zn
	P2
	P2-Zn
	P3
	P3-Zn





	Glu
	7.76
	7.80
	7.82
	7.63
	7.91
	7.61



	Ser
	3.17
	3.21
	3.17
	3.17
	3.22
	3.07



	His
	0.53
	0.55
	0.53
	0.56
	0.52
	0.49



	Gly
	40.50
	40.61
	41.06
	39.51
	41.25
	39.62



	Thr
	2.48
	2.57
	2.52
	2.51
	2.57
	2.46



	Arg
	5.05
	5.12
	5.23
	5.09
	5.15
	4.89



	Ala
	13.75
	13.76
	13.86
	13.57
	13.92
	13.38



	Tyr
	0.23
	0.17
	0.15
	0.14
	0.17
	0.13



	Cys
	1.52
	1.64
	1.44
	2.31
	1.63
	1.57



	Val
	1.93
	1.97
	1.92
	1.94
	1.98
	1.90



	Met
	1.00
	0.87
	0.75
	0.94
	0.80
	0.81



	Phe
	1.26
	1.26
	1.25
	1.24
	1.27
	1.22



	Ile
	0.96
	0.96
	0.95
	0.95
	0.96
	0.93



	Leu
	2.17
	2.17
	2.17
	2.16
	2.19
	2.11



	Lys
	2.62
	2.67
	2.71
	2.56
	2.73
	2.60



	Pro
	10.39
	10.05
	9.82
	11.13
	9.02
	12.67



	Asp
	4.66
	4.65
	4.66
	4.61
	4.71
	4.54
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Table 3. Wavenumber (cm−1) of band shifts observed in the FTIR spectra of three molecular weight peptide fractions and their zinc complexes.
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	Functional Groups
	P1
	P1-Zn
	P2
	P2-Zn
	P3
	P3-Zn





	N-H
	3316
	3403
	3388
	3415
	3419
	3426



	Amide I
	1651
	1650
	1651
	1652
	1652
	1647



	Amide II
	1542
	1546
	1542
	1545
	1541
	1545



	COO-
	1400
	1402
	1399
	1402
	1401
	1403



	Amide III
	1334
	1336
	1334
	1337
	1334
	1337



	Amide VI
	658
	591
	659
	570
	659
	597
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Table 4. Zinc release and dialyzability of peptide-zinc complexes after simulated gastric and gastrointestinal digestion of three molecular weight peptide fractions.
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	Samples
	Zinc Released after Peptic Digestion (%)
	Zinc Released after Peptic-Pancreatic Digestion (%)
	Zinc Dialyzability

(Bioaccessibility)

(%)





	P1
	10.29 ± 1.54 a
	44.05 ± 1.01 c
	54.34 ± 2.55 b



	P2
	13.41 ± 0.92 c
	31.94 ± 0.27 b
	45.35 ± 1.19 c



	P3
	12.11 ± 0.9 b
	21.12 ± 0.19 a
	33.23 ± 1.17 a







The numbers in each column of different superscript letters represent significantly different averages.
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