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Abstract: Antarctic krill (Euphausia superba) is the world’s largest resource of animal proteins and
is thought to be a high-quality resource for future marine healthy foods and functional products.
Therefore, Antarctic krill was degreased and separately hydrolyzed using flavourzyme, pepsin,
papain, and alcalase. Protein hydrolysate (AKH) of Antarctic krill prepared by trypsin showed the
highest Ca-chelating rate under the optimized chelating conditions: a pH of 8.0, reaction time of
50 min, temperature of 50 ◦C, and material/calcium ratio of 1:15. Subsequently, fourteen Ca-chelating
peptides were isolated from APK by ultrafiltration and a series of chromatographic methods and
identified as AK, EAR, AEA, VERG, VAS, GPK, SP, GPKG, APRGH, GVPG, LEPGP, LEKGA, FPPGR,
and GEPG with molecular weights of 217.27, 374.40, 289.29, 459.50, 275.30, 300.36, 202.21, 357.41,
536.59, 328.37, 511.58, 516.60, 572.66, and 358.35 Da, respectively. Among fourteen Ca-chelating
peptides, VERG presented the highest Ca-chelating ability. Ultraviolet spectrum (UV), Fourier
Transform Infrared (FTIR), and scanning electron microscope (SEM) analysis indicated that the
VERG-Ca chelate had a dense granular structure because the N-H, C=O and -COOH groups of VERG
combined with Ca2+. Moreover, the VERG-Ca chelate is stable in gastrointestinal digestion and
can significantly improve Ca transport in Caco-2 cell monolayer experiments, but phytate could
significantly reduce the absorption of Ca derived from the VERG-Ca chelate. Therefore, Ca-chelating
peptides from protein hydrolysate of Antarctic krill possess the potential to serve as a Ca supplement
in developing healthy foods.

Keywords: Antarctic krill (Euphausia superba); Ca-chelating peptide; VERG; property analysis; absorption
efficiency; Caco-2 cell model

1. Introduction

Dietary minerals as micronutrients have an extremely crucial impact on human health,
but some factors, such as diet, lifestyle, habits, living environment, and genetics, can make
people subjected to mineral deficiency and lead to many types of illness [1]. For instance,
zinc deficiency influences about 2 billion people and results in immune dysfunction, de-
layed wound healing, growth retardation, hypogonadism, hair loss, and brain atrophy and
dysfunction; iron and copper deficiency may result in impaired hematopoiesis function,
iron deficiency anemia, and neurological disorders [2]. The human body contains about
700–1400 g of calcium (Ca), which is the richest inorganic element and is involved in a
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variety of physiological activities, including bone strength, neurotransmission, blood coag-
ulation, enzyme activation, cellular proliferation, and muscle contraction [3]. In addition,
Ca also takes part in regulating neural activity and the permeability of cell membranes.
Ca-deficiency can lead to osteoporosis, metabolic disorders, rickets, intestine cancer, osteo-
malacia, and hypertension [4,5]. Compared with the recommended daily allowance of Ca
(700–1200 mg), Ca intake for people from 74 countries, especially from Asia, Africa, and
South America, was lower than 700 mg/day [6]. Moreover, Ca deficiency is also common
in older women and often causes other diseases.

Ca deficiency is often caused by insufficient Ca intake and poor bioavailability. How-
ever, dietary intake alone may not be sufficient to meet the Ca levels required by the body’s
physiology. Therefore, adequate Ca intake and high bioavailability are profoundly impor-
tant to maintain health benefits. Presently, various types of oral Ca supplements have been
developed to resolve the problem of Ca deficiency, such as Ca gluconate, Ca lactate, and Ca
carbonate [7]. Unfortunately, most Ca supplements have low bioavailability in vivo and
poor effects in clinical practice due to their relatively low absorption rate, poor solubility,
gastrointestinal irritation, and strong side effects [1].

In the past decades, protein hydrolysates and bioactive peptides (BPs) have been
widely produced using different animal and plant proteins and engaged in human nu-
trition applications [8–10]. Upon proteolysis, the generated BPs with 2–20 amino acids
have been regarded as high-quality nutritional supplements because of their low molecu-
lar weights (MW), resulting in easy absorption and high nutrition characteristics [11–13].
Moreover, BPs showed multifarious significant pharmacological functions, including an-
tioxidant, antifatigue, antihypertensive, anti-aging, lipid-lowering, antimicrobial, and
immunomodulatory activities [14–16]. In order to overcome the defects of Ca supplements
in the current market, Ca-chelating peptides serving as a novel kind of Ca supplement
have become the hot research theme [1]. Literature studies reported that Ca-chelating
peptides could improve Ca absorbability and bioavailability by weakening the formation
of insoluble Ca complexes and giving assistance to Ca transport into the blood. In addition,
Ca-chelating peptides have the advantages of excellent stability and high safety [17,18].
Therefore, Ca-chelating peptides were produced using diverse animal and plant proteins,
such as casein [19], tilapia [2], cattle bone [5], cucumber seed [4], mung bean [20], Pacific
cod bone [21], oyster [22], Crimson snapper scales [18], and soy and pea [23].

Antarctic krill (Euphausia superba) is considered the world’s largest resource of animal
proteins due to its huge biomass (342–356 million tons) and high biological value [24,25].
Therefore, Antarctic krill proteins are thought of as a high-quality resource for future
marine healthy foods and functional products, and the studies on the preparation and
activity of BPs from Antarctic krill proteins have gathered wide attention [26,27]. For
example, phosphorylated peptides from Antarctic krill could ameliorate osteoporosis and
alleviate liver fibrosis [25,28]; Antioxidant peptides, such as EYEA, SNVFDMF, QYPPMQY,
AMVDAIAR, and LQP, could scavenge radical, protect liver cells, and liver organism
against oxidative stress [29–31]; VLGYIQIR and LVDDHFL could be appropriate for novel
mineral supplements [32,33]; SSDAFFPFR and SNVFDMF could ameliorate the memory
impairment of mice induced by scopolamine [34]; WF, FAS, KVEPLP, and PAL presented
strong ACE and/or DPP-IV inhibitory ability [35,36]. However, there are relatively few
research studies on the preparation of metal-chelated peptides from Antarctic krill proteins.
Therefore, the purposes of this work were to isolate and characterize the Ca-chelating
peptides from the hydrolysate of Antarctic krill proteins. Furthermore, the chelating
mechanism and absorption efficiency of prepared Ca-chelating peptides were studied
using the Caco-2 cell monolayer model.
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2. Results and Discussion
2.1. Preparation of Protein Hydrolysate of Antarctic Krill
2.1.1. Screening of Protease Species

Antarctic krill proteins were hydrolyzed separately by five proteases, and the Ca-
chelating rates of produced hydrolysates were presented in Table 1. The data indicated that
the Ca-chelating rate of hydrolysate generated by trypsin was 37.91 ± 2.958%, which was re-
markably greater than the rates of hydrolysates produced using flavourzyme (30.93 ± 1.37%),
pepsin (24.11 ± 2.16%), papain (23.69 ± 1.98%), and alcalase (32.24 ± 2.31%), respectively
(p < 0.05).

Table 1. Effects of different proteases on Ca-chelating rate (%) of protein hydrolysates from
Antarctic krill.

Protease

Enzymolysis Condition

Ca-Chelating Rate (%)
Temperature (◦C) Time

(h)
Enzyme Dose

(%) pH

FlavourzymeAPePepsin 50 4 2.0 7.0 30.93 ± 1.37 b

37.5 4 2.0 2.0 24.11 ± 2.16 c

Trypsin 37.5 4 2.0 7.8 37.91 ± 2.96 a

Papain 55 4 2.0 7.0 23.69 ± 1.98 c

Alcalase 55 4 2.0 9.5 32.24 ± 2.31 b

a–c Values with different letters indicate significant difference (p < 0.05).

Enzymatic hydrolysis is the most applied process to generate Ca-chelating peptides
on account of mild reaction conditions, high safety, and environmentally friendly fea-
tures [1,36]. Therefore, some proteases, including prolyve enzyme [37], neutrase [3,22],
protamex [38], alcalase [23], and bromelain [39], have been screened for the production of
different mineral-chelating peptides. The present results further supported the opinion that
the specificity of proteases remarkably influenced the Ca-chelating rates of hydrolysates.
Therefore, the hydrolysate of Antarctic krill proteins produced using trypsin was prepared
and named AKH.

2.1.2. Optimized the Chelating Conditions of Ca with AKH

As shown in Figure 1, the effects of chelating conditions, including chelating time
(30, 40, 50, and 60 min), temperature (30, 40, 50, and 60 ◦C), pH (6, 7, 8, and 9), and
peptide/Ca ratio (1:5, 1:10, 1:15, and 1:20) on the Ca-chelating rate (%) of AKH were
optimized by a single-factor experiment. Figure 1A illustrated that the Ca-chelating rate
of AKH significantly (p < 0.05) increased when the chelating time increased from 30 to
50 min and achieved the highest value (38.68 ± 0.8%) at 50 min. Additionally, the Ca-
chelating rate of AKH was markedly decreased when the chelating time ranged from 50
to 60 min. Figure 1B illustrated that the Ca-chelating rate of AKH significantly (p < 0.05)
increased when the peptide/Ca ratio changed from 1:5 to 1:10 and achieved the highest
value (44.57 ± 2.16%) at peptide/Ca ratio of 1:10. In addition, the Ca-chelating rate of
AKH was markedly descent when the chelating time ranged from 50 to 60 min (p > 0.05).
Figure 1C showed that the Ca-chelating rate of AKH was dramatically affected by the
chelating pH, and the Ca-chelating rate (45.37 ± 0.96%) of AKH at pH 8.0 was remarkably
higher than those of AKH at other pH (p < 0.05). Additionally, the Ca-chelating rate of
AKH was a gradual decline when the pH value was higher than 8.0. Figure 1D indicated
that chelating temperature significantly influenced the Ca-chelating rate of AKH, and the
Ca-chelating rate (47.11 ± 1.31%) of AKH prepared at 50 ◦C was prominently stronger
than that of hydrolysate prepared at other chelating temperatures (p < 0.05). Therefore, the
range of chelating conditions for Ca with AKH was narrowed to chelating time (40, 50, and
60 min), temperature (40, 50, and 60 ◦C), pH (7, 8, and 9), and peptide/Ca ratio (1:5, 1:10,
and 1:15), respectively.
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Figure 1. Effects of chelating time (A), peptide/Ca ratio (B), pH (C), and temperature (D) on the
Ca-chelating rate of the hydrolysate of Antarctic krill proteins (AKH). a–d Values with the same letters
indicate no significant difference (p > 0.05).

Furthermore, the orthogonal test L9(3)4 was designed to optimize the chelating condi-
tions for Ca with AKH (Table 2). Following the R values, the conditions interfering with the
Ca-chelating rate of AKH were listed in decreasing order: A (chelating pH) > B (chelating
time) > C (chelating temperature) > D (peptide/Ca ratio). The chelating pH was proved to
be the most important condition influencing the Ca-chelating rate of AKH, and the optimal
chelating level was A2B2C3D3; that is to say, the optimum chelating conditions of Ca with
AKH were a chelating pH of 8.0, time of 50 min, temperature of 50 ◦C, and peptide/Ca
ratio of 1:15.

Table 2. Results of the L9(3)4 orthogonal experiment for optimizing the chelating conditions of Ca
with AKH.

No. pH Time (min) Temperature
(◦C)

Peptide/Ca
Ratio

Ca-Chelating
Rate (%)

1 7 40 40 1:5 42.38
2 7 50 50 1:10 47.11
3 7 60 60 1:15 46.29
4 8 40 50 1:15 51.95
5 8 50 60 1:5 53.71
6 8 60 40 1:10 49.17
7 9 40 60 1:10 47.35
8 9 50 40 1:15 49.15
9 9 60 50 1:5 47.86

K1 135.78 141.68 140.7 143.95
K2 154.83 149.97 146.92 143.63
K3 144.36 143.32 147.35 147.39

Best level A2 B2 C3 D3
R 19.05 8.29 6.65 3.72

R order A > B > C > D
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2.2. Preparation of Ca-Chelating Peptides from AKH
2.2.1. Ultrafiltration

Dietary Ca forms Ca phosphate deposition in the gastrointestinal system, inducing poor
absorbance [4]. However, peptides shape a peptide-Ca chelate with Ca2+, which increases the
solubility and bioavailability of Ca in the intestine. The Ca absorption was influenced by the
structure and Ca-chelating capability of peptides, so evaluating the Ca-chelating capability of
different peptide components was necessary. In the experiment, five components, including
AKH-1 (MW > 10 kDa), AKH-2 (5–10 kDa), AKH-3 (3.5–5 kDa), AKH-4 (1–3.5 kDa), and
AKH-5 (MW < 1 kDa), were obtained from AKH. Figure 2 showed that the Ca-chelating rate
of AKH-5 was observably higher than those of AKH and the other four fractions (p < 0.05).
Ultrafiltration is a popular technique to concentrate target fractions from protein hydrolysates
according to their molecular size [40,41]. After ultrafiltration, AKH-5 collected more low MW
peptides, exposing more binding sites for Ca2+. Huang et al. reported that peptide fraction
(<1 kDa) separated from the hydrolysate of shrimp byproducts exhibited greater affinity to
Ca2+ [42]. In addition, low MW peptides are easier to digest and absorb in the body. Therefore,
AKH-5 was chosen for further study.

Mar. Drugs 2023, 21, x FOR PEER REVIEW 5 of 20 
 

 

2.2. Preparation of Ca-Chelating Peptides from AKH 

2.2.1. Ultrafiltration 

Dietary Ca forms Ca phosphate deposition in the gastrointestinal system, inducing 

poor absorbance [4]. However, peptides shape a peptide-Ca chelate with Ca2+, which in-

creases the solubility and bioavailability of Ca in the intestine. The Ca absorption was 

influenced by the structure and Ca-chelating capability of peptides, so evaluating the Ca-

chelating capability of different peptide components was necessary. In the experiment, 

five components, including AKH-1 (MW > 10 kDa), AKH-2 (5–10 kDa), AKH-3 (3.5–5 

kDa), AKH-4 (1–3.5 kDa), and AKH-5 (MW < 1 kDa), were obtained from AKH. Figure 2 

showed that the Ca-chelating rate of AKH-5 was observably higher than those of AKH 

and the other four fractions (p < 0.05). Ultrafiltration is a popular technique to concentrate 

target fractions from protein hydrolysates according to their molecular size [40,41]. After 

ultrafiltration, AKH-5 collected more low MW peptides, exposing more binding sites for 

Ca2+. Huang et al. reported that peptide fraction (<1 kDa) separated from the hydrolysate 

of shrimp byproducts exhibited greater affinity to Ca2+ [42]. In addition, low MW peptides 

are easier to digest and absorb in the body. Therefore, AKH-5 was chosen for further 

study. 

 

Figure 2. Ca-chelating rate of AKH and its fractions (AKH-1~AKH-5) by ultrafiltration. a–d Values 

with same letters indicate no significant difference (p > 0.05). 

2.2.2. Anion-Exchange Chromatography of AKH-5 

Ion-exchange chromatography is popularly applied to separate polar molecules 

(such as proteins and peptides) from crude extraction and protolysate according to their 

affinities to ion exchangers. As shown in Figure 3A, AKH-5 was divided into three frac-

tions (AKH-5a, AKH-5b, and AKH-5c) by a DEAE-52 cellulose column. The Ca-chelating 

rate of AKH-5a was 58.74 ± 1.64%, which was observably higher than those of AKH-5, 

AKH-5b, and AKH-5c (p < 0.05) (Figure 3B). Peptides usually have polar amino acid resi-

dues, which are easier to bind to the cation or anion exchange resins, such as XK 26 DEAE, 

SP-Sephadex C-25, DEAE-52 cellulose, AG 50W-X2, Q Sepharose FF, etc. [43]. Reddy and 

Mahoney [44] reported that peptides could exhibit stronger Ca-chelating activity if they 

contain more groups with more negative charges. In addition, Zhao et al. [45] found that 

other properties of peptides, such as MW and hydrophilicity/hydrophobicity, also have 

significant effects on the adsorption capacity between peptides and Ca. The Ca-chelating 

ability of AKH-5a should be the result of multiple effects, including negative charges, mo-

lecular size, and hydrophilicity/hydrophobicity. Therefore, AKH-5a was selected for fur-

ther purification. 

Figure 2. Ca-chelating rate of AKH and its fractions (AKH-1~AKH-5) by ultrafiltration. a–d Values
with same letters indicate no significant difference (p > 0.05).

2.2.2. Anion-Exchange Chromatography of AKH-5

Ion-exchange chromatography is popularly applied to separate polar molecules
(such as proteins and peptides) from crude extraction and protolysate according to
their affinities to ion exchangers. As shown in Figure 3A, AKH-5 was divided into
three fractions (AKH-5a, AKH-5b, and AKH-5c) by a DEAE-52 cellulose column. The
Ca-chelating rate of AKH-5a was 58.74 ± 1.64%, which was observably higher than those
of AKH-5, AKH-5b, and AKH-5c (p < 0.05) (Figure 3B). Peptides usually have polar
amino acid residues, which are easier to bind to the cation or anion exchange resins,
such as XK 26 DEAE, SP-Sephadex C-25, DEAE-52 cellulose, AG 50W-X2, Q Sepharose
FF, etc. [43]. Reddy and Mahoney [44] reported that peptides could exhibit stronger Ca-
chelating activity if they contain more groups with more negative charges. In addition,
Zhao et al. [45] found that other properties of peptides, such as MW and hydrophilic-
ity/hydrophobicity, also have significant effects on the adsorption capacity between
peptides and Ca. The Ca-chelating ability of AKH-5a should be the result of multiple
effects, including negative charges, molecular size, and hydrophilicity/hydrophobicity.
Therefore, AKH-5a was selected for further purification.



Mar. Drugs 2023, 21, 579 6 of 19Mar. Drugs 2023, 21, x FOR PEER REVIEW 6 of 20 
 

 

 

Figure 3. Isolation of Ca-chelating peptides from the ultrafiltration fraction AKH-5. (A) Elution pro-

files of AKH-5 in DEAE-52 cellulose chromatograph; (B) Ca-chelating ability of fractions from AKH-

5. (C) elution profile of AKH-5a in Sephadex G-25 chromatography; (D) Ca-chelating ability of frac-

tions from AKH-5a; and (E) elution profiles of AKH-5a-2 by RP-HPLC. a–d Values with same letters 

indicate no significant difference (p > 0.05). 

2.2.3. Gel Permeation Chromatography (GPC) of AKH-5a 

Molecular size is one of the key factors to consider in the purification of BPs [46,47]. 

Thus, AKH-5a was further divided into four fractions (AKH-5a-1, AKH-5a-2, AKH-5a-3, 

and AKH-5a-4) by a Sephadex G-25 column (Figure 3C). The Ca-chelating rate of AKH-

5b-2 was 64.74 ± 1.98%, which was observably higher than those of AKH-5a, AKH-5a-1, 

AKH-5a-3, and AKH-5a-4, respectively (p < 0.05) (Figure 3D). Gel filtration is an efficient 

method to separate bioactive substances with different MW ranges and is widely applied 

for BP purification from different protein hydrolysates, such as whey [45], shrimp byprod-

ucts [42], Alaska pollock [48], monkfish [13], tilapia (Oreochromis niloticus) [49], Mytilus 

edulis [50], peanut [51], Cyclina sinensis [52,53], etc. Although AKH-5b-2 presented the best 

Figure 3. Isolation of Ca-chelating peptides from the ultrafiltration fraction AKH-5. (A) Elution
profiles of AKH-5 in DEAE-52 cellulose chromatograph; (B) Ca-chelating ability of fractions from
AKH-5. (C) elution profile of AKH-5a in Sephadex G-25 chromatography; (D) Ca-chelating ability
of fractions from AKH-5a; and (E) elution profiles of AKH-5a-2 by RP-HPLC. a–d Values with same
letters indicate no significant difference (p > 0.05).

2.2.3. Gel Permeation Chromatography (GPC) of AKH-5a

Molecular size is one of the key factors to consider in the purification of BPs [46,47].
Thus, AKH-5a was further divided into four fractions (AKH-5a-1, AKH-5a-2, AKH-5a-3,
and AKH-5a-4) by a Sephadex G-25 column (Figure 3C). The Ca-chelating rate of AKH-
5b-2 was 64.74 ± 1.98%, which was observably higher than those of AKH-5a, AKH-5a-1,
AKH-5a-3, and AKH-5a-4, respectively (p < 0.05) (Figure 3D). Gel filtration is an efficient
method to separate bioactive substances with different MW ranges and is widely applied
for BP purification from different protein hydrolysates, such as whey [45], shrimp byprod-
ucts [42], Alaska pollock [48], monkfish [13], tilapia (Oreochromis niloticus) [49], Mytilus
edulis [50], peanut [51], Cyclina sinensis [52,53], etc. Although AKH-5b-2 presented the best
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Ca-chelating ability, its MW was not the lowest among the four peptide fractions. These
findings illustrated that other factors besides MW, such as amino acid composition and
hydrophilicity/hydrophobicity, also greatly influence the Ca-chelating ability of peptides.
Then, AKH-5a-2 was chosen for HPLC isolation.

2.2.4. RP-HPLC Purification of AKH-5a-2

AKH-5a-2 was finally purified by RP-HPLC (Figure 3E). According to the elution
profiles of AKH-5a-2 at 280 nm, fourteen Ca-chelating peptides with retention times (RTs)
of 5.29 (ACP1), 6.18 (ACP2), 7.02 (ACP3), 7.95 (ACP4), 8.76 (ACP5), 10.01 (ACP6), 10.58
(ACP7), 11.91 (ACP8), 13.60 (ACP9), 14.11 (ACP10), 14.85 (ACP11), 15.22 (ACP12), 16.98
(ACP13), and 22.46 min (ACP14) were isolated and collected (Table 3). RP-HPLC is an
extremely effective technology for purifying BPs according to their RT, and the RT of
separated BPs can be modulated by adjusting the ratio of polar solvent (methanol and
acetonitrile) in the mobile phase [50]. Therefore, RP-HPLC has been used to purify Ca-
chelating peptides from protein hydrolysates of whey [45], casein [54], Alaska pollock [48],
Mytilus edulis [50], phosvitin [55], miiuy croaker [46], tilapia (Oreochromis niloticus) [49],
peanut [51], Harpadon nehereus [56], Stolephorus chinensis [57], etc.

Table 3. Retention time, amino acid sequence, and molecular weight of 14 peptides (ACP1–ACP14)
from AKH-5b-2.

No. Retention Time (min) Amino Acid Sequence Observed/Theoretical MW (Da)

ACP1 5.29 Ala-Lys (AK) 217.27/217.27
ACP2 6.18 Glu-Ala-Arg (EAR) 374.40/374.39
ACP3 7.02 Ala-Glu-Ala (AEA) 289.29/289.29
ACP4 7.95 Val-Glu-Arg-Gly (VERG) 459.50/459.50
ACP5 8.76 Val-Ala-Ser (VAS) 275.30/275.30
ACP6 10.01 Gly-Pro-Lys (GPK) 300.36/300.35
ACP7 10.58 Ser-Pro (SP) 202.21/202.21
ACP8 11.91 Gly-Pro-Lys-Gly (GPKG) 357.41/357.41
ACP9 13.60 Ala-Pro-Arg-Gly-His (APRGH) 536.59/536.58

ACP10 14.11 Gly-Val-Pro-Gly (GVPG) 328.37/328.36
ACP11 14.85 Leu-Glu-Pro-Gly-Pro (LEPGP) 511.58/511.57
ACP12 15.22 Leu-Glu-Lys-Gly-Ala (LEKGA) 516.60/516.59
ACP13 16.98 Phe-Pro-Pro-Gly-Arg (FPPGR) 572.66/572.66
ACP14 22.46 Gly-Glu-Pro-Gly (GEPG) 358.35/358.35

2.3. Determination of Sequences and MWs of Ca-Chelating Peptides (ACP1–ACP14)

By Protein/Peptide Sequencer, the fourteen Ca-chelating peptide (ACP1–ACP14)
sequences were identified as Ala-Lys (AK, ACP1), Glu-Ala-Arg (EAR, ACP2), Ala-Glu-Ala
(AEA, ACP3), Val-Glu-Arg-Gly (VERG, ACP4), Val-Ala-ESr (VAS, ACP5), Gly-Pro-Lys
(GPK, ACP6), Ser-Pro (SP, ACP7), Gly-Pro-Lys-Gly (GPKG, ACP8), Ala-Pro-Arg-Gly-His
(APRGH, ACP9), Gly-Val-Pro-Gly (GVPG, ACP10), Leu-Glu-Pro-Gly-Pro (LEPGP, ACP11),
Leu-Glu-Lys-Gly-Ala (LEKGA, ACP12), Phe-Pro-Pro-Gly-Arg (FPPGR, ACP13), and Gly-
Glu-Pro-Gly (GEPG, ACP14), and their MWs were determined as 217.27, 374.40, 289.29,
459.50, 275.30, 300.36, 202.21, 357.41, 536.59, 328.37, 511.58, 516.60, 572.66, and 358.35 Da,
respectively, which were in good agreement with their theoretical MWs (Table 3).

2.4. Ca-Chelating Ability of Fourteen Isolated Peptides (ACP1–ACP14)

Figure 4 presents the Ca-chelating ability of fourteen isolated peptides (ACP1–ACP14).
ACP4 (VERG) (70.05 ± 1.91%) showed the highest Ca-chelating ability among fourteen
isolated peptides (ACP1–ACP14), and other peptides with higher Ca-chelating ability were
followed by ACP8 (GPKG) and ACP9 (APRGH), respectively.
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Amino acid composition and molecular size are two key factors affecting the Ca-
chelating ability of peptides [19]. Peptides with short amino acid sequences, such as TCH,
YDT, VLPVPQK, LLLGI, AIVIL, HADAD, YGTGL, LVFL, and LPEPV, were proved to
contribute more to their Ca-chelating ability [19,41,44,48,50,52]. Guo et al. also reported
that the Ca-chelating activity of tripeptides (SAC and SCH) was higher than those of
SGSTGH, GPAGPR, and GPAGPHGPPG [48]. The MW of ACP4 (VERG) was 459.50 Da,
which helped it easily interact with Ca2+ to form peptide-Ca chelate.

Amino acid composition is another widely recognized key factor that significantly
influences the Ca-chelating ability of peptides. For example, Asp, Glu, and Gly residues
were considered the major amino acid residues contributing to the Ca-chelating ability of
peptides from porcine blood plasma [58]. Asp, Glu, Cys, and His residues are favorable for
the metal-chelating activity of GPAGPHGPPG from Alaska pollock skin [48]. Liao et al. [54]
indicated that Val, Pro, and Gln could significantly contribute to the high Ca-chelating ability
of VLPVPQK. In general, the carboxyl group of Glu and Asp are favorable to bind Ca2+

because the carboxylic acid group can create an environment conducive to the chelating
reaction of peptide and Ca by increasing the charge density [22]. The contents of hydrophobic
amino acids, such as Val, Pro, and Leu, were also proved to be associated with the amount
of Ca bound [59]. Gly residue could maintain the strong flexibility of the peptide skeleton
to easily access and bind to Ca2+ [9]. In addition, Liu et al. [59] found that Arg was one of
the main amino acid residues for the Ca-chelating peptides from wheat germ. Therefore, Val,
Glu, Arg, and Gly residues should be very helpful in improving the Ca-chelating ability of
ACP4 (VERG). Therefore, ACP4 (VERG) was selected to chelate with Ca and used for the
next experiment.

2.5. Characterization of VERG-Ca Chelate
2.5.1. UV Absorption Spectroscopy

UV spectrum is a popular method to study the structural characteristics of substances
and their derivatives. The appearance of new absorbance peaks or the changes in the
pre-existing peaks in the UV spectrum indicate the formation of chelates consisting of
organic ligands and metal ions [55]. Figure 5A indicated that the maximum absorption
band of ACP4 (VERG) was found near 230 nm, caused by the n→π * transition of C=O
in peptide bonds. The maximum absorption peak of the VERG-Ca chelate was 210 nm,
suggesting that ACP4 binding with Ca2+ induced the absorption peak to shift towards
the short wavelength. N and O in ACP4 (VERG) form a complex bond with Ca2+, which
influences the electronic transition of C=O and –NH2 of the peptide bond. Our result is
similar to the research results of peptide-Ca chelates from phosvitin [55], egg white [60],
cucumber seed [4], whey [45], and sheep bone [61]. This present finding indicated that
ACP4 (VERG) interacting with Ca2+ finally formed a new VERG-Ca chelate.
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2.5.2. FTIR Spectroscopy

FTIR spectroscopy is a crucial method for the research of the structural features of
peptide-Ca chelates and can effectively reflect the mutual effect between peptides’ ligands
and Ca2+ during the chelating process [51]. The peptides’ chelating sites with Ca2+ are
primarily amide bonds (-CONH-) between amino acid residues and carboxyl (-COOH) and
amino (-NH2) groups [55]. Then, the absorption peaks, such as stretching vibration of -NH2
and –COOH, are sure to shift if peptides chelate with Ca. The amide A band was attributed
to the stretching vibration of the N-H bond. Figure 5B showed that the wavenumber
moved from 3395.03 to 3404.34 cm−1 probably because of the stretching and substitution
of hydrogen bonds in the VERG-Ca chelate, which manifested the participation of N–H
bonds in the formation of chelate. The wavenumber (1700–1600 cm−1) of the amide-I
band caused by C=O stretching vibration was moved from 1643.16 to 1652.81 cm−1, which
indicates infrared absorption of the C=O caused by the antisymmetric stretching vibration
of carboxylic acid ions. The wavenumber (1384.52 cm−1) for –COO– moved to a lower
frequency (1388.49 cm−1) in the spectrum of the bound peptide and showed that –COOH
probably bound Ca2+ and turned into –COO–Ca. These results were in line with the report
of [55]. Based on these findings, we hypothesized that the N–H, C=O, and –COOH took
responsibility for the chelation between ACP4 (VERG) and Ca2+.

2.5.3. Scanning Electron Microscope (SEM)

The microstructures of ACP4 (A) and the VERG-Ca chelate (B) are displayed in Figure 6.
The surface of ACP4 (VERG) is smooth. However, the surface of the VERG-Ca chelate was
rougher and looser and had many irregular strips and granular aggregates. The significant
difference in microstructure between ACP4 (VERG) and the VERG-Ca chelate might be
caused by the interactions that ACP4 (VERG) reacted with Ca2+, leading to damage to
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the smooth structure of the ACP4 (VERG) surface. Additionally, –COOH and –NH2 in
ACP4 (VERG) bound to Ca2+ and formed a “bridging role”, which could also change the
physicochemical characteristics of ACP4 (VERG) [51].
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2.6. Stability Analysis of VERG-Ca Chelate

The acid environment and protease in the gastrointestinal system could cause Ca
release to generate Ca(OH)2 and insoluble precipitation, leading to low bioavailability of
Ca. Therefore, we studied the stability of the VERG-Ca chelate in a simulated digestive tract
environment (Figure 7). Compared with the control, the Ca-retention rates of the VERG-Ca
chelate in gastric juice, intestinal juice, and gastric+intestinal juice decrease to 18.72± 1.25%
(p < 0.001), 95.67 ± 3.26% (p > 0.05), and 87.21 ± 2.73% (p < 0.05), respectively. In addition,
the Ca-retention rate of the VERG-Ca chelate in intestinal juice is significantly higher
than that of gastric juice (p < 0.001). The finding indicated that the gastric environment
significantly reduced the stability of the VERG-Ca chelate. It is worth noting that the
Ca-retention rate of the VERG-Ca chelate in gastric+intestinal juice is significantly higher
than that of gastric juice (p < 0.001) but was not much different from that of the intestinal
group. The result indicated that pepsin could lead to the partial degradation of the chelate,
except for the effect of pH. Cui et al. [62] and Zhang et al. [31] reported that the main
reason for Ca2+ release in the gastrointestinal system was pH change, and the weak alkaline
environment of the intestines could induce the rechelation of peptides with Ca2+. Our
present finding in the gastric + intestinal juice group was in agreement with these literature
studies. Therefore, gastric digestion is the key reason causing Ca to be released from the
VERG-Ca chelate, but intestinal digestion had no remarkable effect on the stability of the
VERG-Ca chelate. In general, most VERG-Ca chelates can remain stable in gastrointestinal
digestion, which might prominently improve the bioavailability of Ca in the digestive
tract environment.
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2.7. Transport of VERG-Ca Chelate across the Caco-2 Cell Monolayer

Human intestinal epithelial cells modeled in vitro using Caco-2 cells have been applied
to study the simulative absorption of minerals, medicines, and peptides [46]. In this study,
the effects of the VERG-Ca chelate on the viability of Caco-2 cells were measured by the
MTT assay (Figure 8A). Compared with the control group, ACP4 (VERG) and the VERG-Ca
chelate had no significant effect on cell viability at 50–200 µM, but they could significantly
decrease the viability of Caco-2 cells at 250 µM (p < 0.05). The finding manifested that ACP4
(VERG) and the VERG-Ca chelate were nontoxic at concentrations of 50–200 µM. Therefore,
the following experiment can be carried out in the concentration range of 0–200 µM.

Figure 8B shows the activity changes in alkaline phosphatase of Caco-2 cells’ mono-
layer membrane at 0–21 days. When Caco-2 cells were cultured to day 21, the activity
of alkaline phosphatase on the apical side was 25.02 ± 1.32 U/L, which was 3.48-fold of
that on the basolateral side (7.18 ± 0.63 U/L), indicating that Caco-2 cells completed the
polar differentiation of the monolayer membrane. In addition, the change in TEER values
of the Caco-2 cell monolayer within incubation time (1–21 days) was measured to create
monolayers of Caco-2 cells with enterocyte architecture (Figure 8C). The results indicated
that the TEER value gradually increased with the extension of incubation time, and the
TEER exceeded 300 Ω cm2 at 21 days. Therefore, the Caco-2 cell monolayer model was
applied to evaluate the influence of the VERG-Ca chelate on Ca transport activity.

The effect of the VERG-Ca chelate on Ca transport in Caco-2 cell monolayers is
presented in Figure 8D. The Ca transport of the VERG-Ca chelate increased with the
incubation time. Compared with the CaCl2 group, VERG-Ca chelate-treated groups did
not display remarkable Ca transport capability in Caco-2 cell monolayers from 30 to 60 min
(p < 0.05). However, the Ca transport improved dramatically in the presence of the VERG-
Ca chelate at 120 and 180 min, and the quantity of Ca of transport reached 3.63 ± 0.27
and 5.11 ± 0.26 µg/mg protein at 120 and 180 min, which were 1.70 and 1.72 times of
the CaCl2 group, respectively. Previous literature studies indicated that Ca-chelating
peptides, including VLPVPQK [54], EYG [42], and FPPDVA [51], could greatly improve
the Ca transport across Caco-2 cell monolayers. The present findings demonstrated that
the Ca transport and absorption in Caco-2 cell monolayers could be increased by the
VERG-Ca chelate.

Plant-based diets are rich in bioactive compounds, but some compounds, such as
vitamins, tannins, phytates, and dietary fibers (DFs), can significantly influence the bioavail-
ability of some minerals, especially Ca [63]. Therefore, the effects of vitamin D and phy-
tate on the absorption of Ca derived from CaCl2 and VERG-Ca chelates were evaluated.
Figure 8E indicated that the absorption amount of Ca significantly increased from 0 to
180 min after adding CaCl2 and vitamin D3 together, and the absorption amount of Ca
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increased from 2.96 ± 0.28 to 5.14 ± 0.23 µg/mg protein at 180 min, indicating that vitamin
D3 can promote Ca uptake by regulating the transcellular pathway of Ca2+. In addition,
the absorption amount of Ca significantly increased from 4.03 ± 0.27 to 4.44 ± 0.29 µg/mg
protein at 120 min after adding VERG-Ca chelates and vitamin D3 together, and the ab-
sorption amount of Ca only increased from 5.11 ± 0.36 to 5.43 ± 0.43 µg/mg protein at
180 min, and no significant difference was observed. Therefore, it could be speculated that
the vitamin D3 in food has no significant effect on intestinal absorption of Ca derived from
VERG-Ca chelates but can significantly promote the absorption of inorganic Ca.
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Figure 8. Transport of VERG-Ca chelate. (A) Cytotoxicity of VERG-Ca chelate in Caco-2 cells
evaluated by the MTT assay. * p < 0.0 and ** p < 0.01 vs. control group. (B) Alkaline phosphatase
activities on the apical and basolateral sides of the Caco-2 cell monolayer. (C) Transepithelial electrical
resistance (TEER) of the Caco-2 cell monolayer. (D) Ca transport activity of VERG-Ca chelate.
** p < 0.01 vs. CaCl2 group at same concentration. (E) Effects of vitamin D3 on the transmembrane
transport of CaCl2 and VERG-Ca chelate. (F) Effects of phytate on the transmembrane transport
of CaCl2 and VERG-Ca chelate. a–c Values with same letters at same time indicate no significant
difference (p > 0.05).
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Figure 8F showed that the absorption amount of Ca decreased significantly at 0~180 min
after adding phytate with CaCl2 or a VERG-Ca chelate. At 180 min, the absorption amount
of Ca derived from CaCl2 decreased from 2.96 ± 0.28 to 2.02 ± 0.24 µg/mg protein. The
absorption amount of Ca derived from the VERG-Ca chelate decreased from 3.63 ± 0.35% to
2.842± 0.348 µg/mg protein. The data indicated that phytate could significantly reduce the
absorption amount of Ca derived from CaCl2 or the VERG-Ca chelate in Caco-2 cells, which
was in agreement with the report by Amalraj and Pius [63] that Ca bioavailability in green
leafy vegetables was negatively correlated with those anti-nutritional factors, such as dietary
fiber, phytate, oxalate, and tannin.

3. Materials and Methods
3.1. Chemicals and Reagents

Antarctic krill was provided by Zhejiang Hailisheng Biotechnology Co., Ltd. (Zhoushan,
China). Triethanolamine, trypsin, and Hanks’ Balanced Salt Solution (HBSS) were purchased
from Sigma-Aldrich (Shanghai) Co., Ltd. (Shanghai, China). Methanol, potassium hydroxide,
hydrochloric acid, sodium chloride, ferrous sulfate, calcium indicator, and sodium cyanide
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The peptides
(ACP1-ACP14) with purity higher than 98% were synthesized by Shanghai Apeptide Co., Ltd.
(Shanghai, China).

3.2. Preparation of Protein Hydrolysate of Antarctic Krill
3.2.1. Screening of Protease Species

The degreasing process of Antarctic krill was performed using the described method
by Zhao et al. [46]. Defatted Antarctic krill powders were dispersed in distilled water (DW)
(10%, w/v) and separately hydrolyzed using different proteases (Table 1). After that, the
hydrolysis reaction was stopped at 95 ◦C for 15 min and centrifuged at 9000× g at−4 ◦C for
20 min. The resulting supernatants were lyophilized and stored at −20 ◦C. The hydrolysate
prepared by trypsin displayed the strongest Ca-chelating rate and was named AKH.

3.2.2. Optimization of the Chelating Conditions of Ca with AKH

Firstly, the chelating conditions of Ca with AKH were optimized by a single-factor
experiment using Ca-chelating rate as the indicator. The chelating time (30, 40, 50, and
60 min), temperature (30, 40, 50, and 60 ◦C), pH (6, 7, 8, and 9), and peptide/Ca ratio (1:5,
1:10, 1:15 and 1:20) were chosen for the present investigation.

According to the results of single-factor experiment, orthogonal experiment was
employed to estimate the influence of chelating time (40, 50, and 60 min), temperature (40,
50, and 60 ◦C), pH (7, 8, and 9), and peptide/Ca ratio (1:5, 1:10 and 1:15) on the Ca-chelating
rate of AKH.

3.2.3. Preparation of Peptide-Ca Chelates and Determination of Ca-Chelating Rate

Peptide-Ca chelates were prepared in accordance with the previous method [5]. The
lyophilized AKH, AKH fractions, and peptides were separately dissolved in DW, and
CaCl2 was added to the prepared solution (50 mg/mL) with designed peptide/CaCl2
ratios of 1:5–1:25 (w/w). The pH of the reaction mixtures was adjusted to pH 8.0. Then,
the solution was put in a water bath shaker to incubate at 50 ◦C and 80 r/min for 50 min.
Finally, the chelates were precipitated for 4 h by adding 5 times the volume of the solution
of anhydrous ethanol. After that, the solution was centrifuged at 6000× g for 15 min, and
the precipitation was collected, lyophilized, and stored at −20 ◦C. The Ca content in the
supernatant was measured by EDTA complexion titration (ECT) [59], which was denoted
as C2 (g/mL). The total Ca content in mixed solution was measured by ECT assay, which
was denoted as C1 (g/mL). The Ca-chelating rate was calculated as follows:

Ca-chelating rate (%) = (C1 − C2/C1) × 100%.
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3.2.4. Separation Process of Ca-Chelating Peptides from AKH

AKH was ultra-filtrated by 4 kinds of ultrafiltration membranes, including 1, 3.5, 5,
and 10 kDa. Then, five peptide components, including AKH-1 (MW > 10 kDa), AKH-2
(5–10 kDa), AKH-3 (3.5–5 kDa), AKH-4 (1–3.5 kDa), and AKH-5 (MW < 1 kDa), were
collected, concentrated, and freeze-dried, and their Ca-chelating rates were measured using
the above method in Section 3.2.3.

AKH-5 (10 mL, 50.0 mg/mL) was added into a pre-equilibrated DEAE-52 cellulose
column (3.8 × 150 cm) and eluted by DW, 0.10, 0.25, 0.50, 0.75, and 1.0 M NaCl solution,
respectively. The flow rate of eluate was set as 3.0 mL/min. Then, three fractions (AKH-5a,
AKH-5b, and AKH-5c) were separated according to the DEAE-52 cellulose chromatography
of eluted peptide fractions (9 mL) at 280 nm.

AKH-5a (5 mL, 50.0 mg/mL) was loaded into a Sephadex G-25 column (2.6 cm × 120 cm)
and eluted using DW. The flow rate of eluate was set as 0.6 mL/min, and the eluent was
collected every 3 min. Finally, four fractions (AKH-5a-1 to AKH-5a-4) were isolated from
AKH-5a and collected in accordance with the chromatographic peaks at 280 nm.

AKH-5a-2 solution was decontaminated through a 0.22 µM microporous membrane
and further isolated by an RP-HPLC column of Zorbax, SB C-18 (4.6 × 250 mm, 5 µm).
In brief, AKH-5a-2 was loaded into the RP-HPLC column and eluted by a linear gradient
of acetonitrile with a flow rate of 1.0 mL/min. The concentration ranged from 0 to 50%
in 0 to 25 min, and the eluent was monitored at 280 nm. Finally, fourteen Ca-chelating
peptides (ACP1 to ACP14) were prepared according to their chromatographic peaks. The
flow diagram of separation process of Ca-chelating peptides from AKH is presented in
Figure 9.
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3.3. Identification of Peptides (ACP1to ACP14) from AKH

The amino acid sequence and molecular weight of EP1-EP6 were determined according
to previous methods described by Chi et al. [64]. The amino acid sequences of ACP1 to
ACP14 were measured by a 494 protein sequencer from Applied Biosystems (Perkin Elmer
Co. Ltd. Foster City, CA, USA), and Edman degradation was performed according to the
standard program supplied by Applied Biosystems. The MWs of ACP1 to ACP14 were
determined by a Q-TOF mass spectrometer with an ESI source (Micromass, Waters, Milford,
MA, USA).
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3.4. Characterization of VERG-Ca Chelate

The preparation of a hydrolysate of PSC-M was carried out in accordance with the
previous method [34,42]. The dispersions (1%, w/v) of ASC-M and PSC-M were separately
degraded with alcalase (55 ◦C, pH 8.5, 4 h), neutrase (55 ◦C, pH 7.0, 4 H), and a double-
enzyme system (alcalase (2 h) + neutrase (2 h)). The enzyme dose was designed as 2% (w/w).
After the hydrolysis reaction, the proteases in the hydrolysate solution were inactivated
in boiling water for 10 min. The prepared hydrolysates were centrifuged at 9000× g for
25 min, and the supernatants were freeze-dried and had their ACEi abilities detected. The
hydrolysate of PSC-M generated via the double-enzyme system displayed the highest ACEi
ability value and was named PSC-MH.

3.4.1. UV Absorption Spectroscopy Analysis

The UV spectra of ACP4 and VERG-Ca chelate at 1.0 mg/mL were recorded in the
wavelength range of 200–500 nm by a UV-1800 spectrophotometer (Mapada Instruments
Co., Ltd., Shanghai, China).

3.4.2. FTIR Spectroscopy Analysis

The FTIR spectra (4000 to 400 cm−1) of ACP4 and VERG-Ca chelate were recorded
in KBr disks using a Nicolet 6700 FTIR spectrophotometer [65]. Dry ACP4 or VERG-Ca
chelate was uniformly ground with dry KBr at a sample/KBr ratio of 1:100 (w/w) and
extruded into a transparent sheet for spectrum recording.

3.4.3. Scanning Electron Microscopy (SEM) Analysis

A suitable amount of ACP4 and VERG-Ca chelate was uniformly applied to the sample
plate and sprayed with a gold plating film. Finally, the samples with a gold plating film
were observed and photographed by a scanning electron microscope of JEOL JSM-6390LV
(Tokyo, Japan).

3.5. Stability Analysis of VERG-Ca Chelate against Simulated Gastrointestinal Digestion

The stability of VERG-Ca chelate against simulated gastrointestinal digestion was
assessed using the method described by Zhang et al. [31]. The VERG-Ca chelate solution
(10 mg/mL) dissolved in DW was used in the assay. The pH values of the artificial
simulation of gastric juice and intestinal juice were adjusted to 2.0 and 7.5, respectively. The
stability of VERG-Ca chelate against in vitro gastric juice (2 h), intestinal juice (2 h), and
gastric juice (2 h) + intestinal juice (2 h) were determined at 37 ◦C, respectively. Finally,
the solution was heated at 100 ◦C for 15 min to terminate the reaction. The stability was
expressed as Ca-retention rate of VERG-Ca chelate after in vitro digestion.

Ca-retention rate (%) = (Ca content in treatment group/Ca content in control group) × 100

3.6. Ca Transport Effect of VERG-Ca Chelate in Caco-2 Cell Monolayers
3.6.1. Culture of Caco-2 Cells and Establishment of Caco-2 Cell Monolayer Model

Caco-2 cells were obtained from the Shanghai Institute of Cell Biology (Shanghai,
China) and cultured in EMEM with 10% fetal bovine serum, 1% antibiotic, and 1% nonessen-
tial amino acids in a humidified incubator at 37 ◦C with 5% CO2. The cell culture medium
was replaced every two days with a new medium of equal volume. The Caco-2 cells were
dispersed using trypsin-EDTA when they covered approximately 90% of the flask and
were seeded on 6-well transwell culture plates with polyester membranes. The medium
was replaced every other day with a new medium of equal volume. After being cultured
for 21 days, the transepithelial electrical resistance (TEER) was determined to confirm the
integrity of the Caco-2 cell monolayers. The Caco-2 cell monolayers were used for Ca
transport experiments when the TEER exceeded 300 Ω·cm2 [60,66].

In addition, the alkaline phosphatase activity was determined using assay kits in accor-
dance with the instructions of Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
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3.6.2. Cytotoxicity Assay

Cell cytotoxicity was determined using the MTT assay [60]. After being cultured for
24 h, the Caco-2 cells were further treated for 24 h using a 100 µL medium containing
VERG-Ca chelate with concentrations of 50, 100, 150, 200, and 500 µM, respectively. Then,
MTT solution (100 µL) was added per well and incubated for an additional 4 h. The MTT
solution per well was replaced by an equal volume of DMSO solution to solubilize. Finally,
the absorbance of the sample solution at 570 nm was measured.

3.6.3. Ca Transport Analysis

The Ca transport in the Caco-2 cell monolayer model was analyzed using previous
methods [51,60]. After 21 days of incubation, the culture medium of Caco-2 cells was
discarded from each well, and monolayers were immediately washed with HBSS buffer
(without Ca and magnesium) two times. The Caco-2 cell monolayers were transferred to a
new 6-well culture plate containing 2 mL of HBSS buffer, and 2 mL of HBSS buffer was
also added to the apical side. After incubating for 30 min, the HBSS on the apical side was
replaced with 2 mL of HBSS containing VERG-Ca chelate (200 µM) or Ca (150 µg/mL),
and the HBSS on the basolateral side was replaced with an equal volume of fresh HBSS
buffer. After incubation for 2 h, 1 mL of HBSS in the basolateral side was removed to
determine Ca content at the designed time (30, 60,120, and 180 min). At the same time,
fresh HBSS buffer (1 mL) was added to the basolateral side to maintain a constant volume.
The content of Ca was determined by atomic absorption spectrometry using HNO3 and
HClO4 as the oxidizers.

In the experiments on the effects of vitamin D3 and phytate on Ca absorption, dietary
factors (vitamin D3 and phytate) were first premixed with VERG-Ca chelate or CaCl2,
respectively, at a mass ratio of 1:1. The experiment conditions and operation method were
as described in the Ca transport analysis above.

3.7. Statistical Analysis

The experimental data were represented by the mean ± standard deviation (SD, n = 3).
GraphPad Prism (version 8.02) was used for one-way analysis of variance, and Tukey’s
multiple comparison tests were used to test for differences between groups (p < 0.05).

4. Conclusions

In brief, fourteen Ca-chelating peptides were purified and identified from the trypsin
hydrolysate of Antarctic krill proteins, and ACP4 (VERG) presented the highest Ca-
chelating ability among isolated Ca-chelating peptides. UV, FTIR, and SEM analysis
showed N-H, C=O, and -COOH in ACP4 (VERG) should take responsibility for the chela-
tion of ACP4 (VERG) with Ca2+. Moreover, VERG-Ca chelate is stable in gastrointestinal
digestion and could significantly improve Ca transport in Caco-2 cell monolayer experi-
ments, but phytate could significantly reduce the absorption of Ca derived from VERG-Ca
chelate. The present results suggested that Ca-chelating peptides derived from Antarctic
krill proteins could serve as functional ingredients in healthy food to promote Ca bioavail-
ability. However, the absorption and transport mechanisms of VERG-Ca chelate in vivo
need to be further elucidated.

Author Contributions: M.-X.G. and R.-P.C.: data curation, validation, and writing—original draft.
Y.-M.W. and L.Z.: investigation, methodology, and writing—original draft. C.-F.C.: funding acqui-
sition, resources, supervision, and writing—review and editing. B.W.: conceptualization, funding
acquisition, resources, supervision, and writing—review and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (No. 82073764),
the Ten-thousand Talents Plan of Zhejiang Province (No. 2019R52026), and the Innovation and
Entrepreneurship Training Program for College Students of China (No. 202210340034).

Institutional Review Board Statement: Not applicable.



Mar. Drugs 2023, 21, 579 17 of 19

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors thank Zhao-Hui Li at the Beijing Agricultural Biological Testing
Center for his technical support on the amino acid sequence and observed mass of antioxidant
peptides from Antarctic Krill.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tian, Q.J.; Fan, Y.; Hao, L.; Wang, J.; Xia, C.S.; Hou, H. A comprehensive review of calcium and ferrous ions chelating peptides:

Preparation, structure and transport pathways. Crit. Rev. Food Sci. Nutr. 2023, 63, 4418–4430. [CrossRef]
2. Luo, J.Q.; Zhou, Z.S.; Yao, X.T.; Fu, Y. Mineral-chelating peptides derived from fish collagen: Preparation, bioactivity and

bioavailability. LWT 2020, 134, 110209. [CrossRef]
3. Qu, W.J.; Li, Y.H.; Xiong, T.; Feng, Y.H.; Ma, H.L.; Akpabli-Tsigbe, N.D.K. Calcium-chelating improved zein peptide stability,

cellular uptake, and bioactivity by influencing the structural characterization. Food Res. Int. 2022, 162, 112033. [CrossRef]
[PubMed]

4. Wang, X.; Gao, A.; Chen, Y.; Zhang, X.Y.; Li, S.H.; Chen, Y. Preparation of cucumber seed peptide-calcium chelate by liquid state
fermentation and its characterization. Food Chem. 2017, 229, 487–494. [CrossRef]

5. Zhang, H.R.; Zhao, L.Y.; Shen, Q.S.; Qi, L.W.; Jiang, S.; Richel, A. Preparation of cattle bone collagen peptides-calcium chelate and
its structural characterization and stability. LWT 2021, 144, 111264. [CrossRef]

6. Balk, E.M.; Adam, G.P.; Langberg, V.N.; Earley, A.; Clark, P.; Ebeling, P.R. Global dietary calcium intake among adults: A
systematic review. Osteoporos. Int. 2017, 28, 3315–3324. [CrossRef]

7. Wang, G.; Liu, L.J.; Wang, Z.P.; Pei, X.; Tao, W.J.; Ao, T.Y. Comparison of inorganic and organically bound trace minerals on tissue
mineral deposition and fecal excretion in broiler breeders. Biol. Trace Elem. Res. 2019, 189, 224–232. [CrossRef] [PubMed]

8. Caetano-Silva, M.E.; Netto, F.M.; Bertoldo-Pacheco, M.T.; Alegria, A.; Cilla, A. Peptide-metal complexes: Obtention and role
in increasing bioavailability and decreasing the pro-oxidant effect of minerals. Crit. Rev. Food Sci. Nutr. 2020, 61, 1470–1489.
[CrossRef] [PubMed]

9. He, S.; Zhao, W.; Chen, X.; Li, J.; Zhang, L.; Jin, H. Ameliorative Effects of Peptide Phe-Leu-Ala-Pro on Acute Liver and Kidney
Injury Caused by CCl4 via Attenuation of Oxidative Stress and Inflammation. ACS Omega 2022, 7, 44796–44803. [CrossRef]
[PubMed]

10. Zhang, S.Y.; Zhao, Y.Q.; Wang, Y.M.; Yang, X.R.; Chi, C.F.; Wang, B. Gelatins and antioxidant peptides from Skipjack tuna
(Katsuwonus pelamis) skins: Purification, characterization, and cytoprotection on ultraviolet-A injured human skin fibroblasts.
Food Biosci. 2022, 50, 102138. [CrossRef]

11. López-Medina, J.A.; López-Rodriguez, C.; Estornell-Gualde, M.A.; Rey-Fernández, L.; Gómez-Senent, S.; Ballesteros-Pomar, M.D.
Relationship between nutritional treatment compliance and nutritional status improvements in patients with gastrointestinal
impairment taking an oral peptide-based supplement. Nutrition 2022, 102, 111734. [CrossRef] [PubMed]

12. Rivero-Pino, F. Bioactive food-derived peptides for functional nutrition: Effect of fortification, processing and storage on peptide
stability and bioactivity within food matrices. Food Chem. 2023, 406, 135046. [CrossRef] [PubMed]

13. Li, J.; Li, Y.; Lin, S.; Zhao, W.; Chen, Y.; Jin, H. Collagen peptides from Acaudina molpadioides prevent CCl4 -induced liver injury
via Keap1/Nrf2-ARE, PI3K/AKT, and MAPKs pathways. J. Food Sci. 2022, 87, 2185–2196. [CrossRef] [PubMed]

14. Zheng, S.L.; Wang, Y.Z.; Zhao, Y.Q.; Chi, C.F.; Zhu, W.Y.; Wang, B. High Fischer ratio oligopeptides from hard-shelled mussel:
Preparation and hepatoprotective effect against acetaminophen-induced liver injury in mice. Food Biosci. 2023, 53, 102638.
[CrossRef]

15. Wu, M.-F.; Xi, Q.-H.; Sheng, Y.; Wang, Y.-M.; Wang, W.-Y.; Chi, C.-F.; Wang, B. Antioxidant peptides from monkfish swim bladders:
Ameliorating NAFLD in vitro by suppressing lipid accumulation and oxidative stress via regulating AMPK/Nrf2 pathway. Mar.
Drugs 2023, 21, 360. [CrossRef]

16. Ren, Z.; Yang, F.; Yao, S.; Bi, L.; Jiang, G.; Huang, J.; Tang, Y. Effects of low molecular weight peptides from monkfish (Lophius
litulon) roe on immune response in immunosuppressed mice. Front. Nutr. 2022, 9, 929105. [CrossRef] [PubMed]

17. Kong, J.; Hu, X.-M.; Cai, W.-W.; Wang, Y.-M.; Chi, C.-F.; Wang, B. Bioactive Peptides from Skipjack Tuna Cardiac Arterial Bulbs
(II): Protective Function on UVB-Irradiated HaCaT Cells through Antioxidant and Anti-Apoptotic Mechanisms. Mar. Drugs 2023,
21, 105. [CrossRef]

18. Wu, X.P.; Wang, F.F.; Cai, X.X.; Wang, S.Y. Characteristics and osteogenic mechanism of glycosylated peptides-calcium chelate.
Curr. Res. Food Sci. 2022, 5, 1965–1975. [CrossRef]

19. Miao, J.Y.; Liao, W.W.; Pan, Z.Y.; Wang, Q.; Duan, S.; Cao, Y. Isolation and identification of iron-chelating peptides from casein
hydrolysates. Food Funct. 2019, 10, 2372–2381. [CrossRef]

20. Budseekoad, S.; Yupanqui, C.T.; Sirinupong, N.; Alashi, A.M.; Aluko, R.E.; Youravong, W. Structural and functional char-
acterization of calcium and iron-binding peptides from mung bean protein hydrolysate. J. Funct. Foods 2018, 49, 333–341.
[CrossRef]

https://doi.org/10.1080/10408398.2021.2001786
https://doi.org/10.1016/j.lwt.2020.110209
https://doi.org/10.1016/j.foodres.2022.112033
https://www.ncbi.nlm.nih.gov/pubmed/36461253
https://doi.org/10.1016/j.foodchem.2017.02.121
https://doi.org/10.1016/j.lwt.2021.111264
https://doi.org/10.1007/s00198-017-4230-x
https://doi.org/10.1007/s12011-018-1460-5
https://www.ncbi.nlm.nih.gov/pubmed/30062463
https://doi.org/10.1080/10408398.2020.1761770
https://www.ncbi.nlm.nih.gov/pubmed/32370550
https://doi.org/10.1021/acsomega.2c04851
https://www.ncbi.nlm.nih.gov/pubmed/36530242
https://doi.org/10.1016/j.fbio.2022.102138
https://doi.org/10.1016/j.nut.2022.111734
https://www.ncbi.nlm.nih.gov/pubmed/35839658
https://doi.org/10.1016/j.foodchem.2022.135046
https://www.ncbi.nlm.nih.gov/pubmed/36446284
https://doi.org/10.1111/1750-3841.16142
https://www.ncbi.nlm.nih.gov/pubmed/35368107
https://doi.org/10.1016/j.fbio.2023.102638
https://doi.org/10.3390/md21060360
https://doi.org/10.3389/fnut.2022.929105
https://www.ncbi.nlm.nih.gov/pubmed/36211506
https://doi.org/10.3390/md21020105
https://doi.org/10.1016/j.crfs.2022.10.008
https://doi.org/10.1039/C8FO02414F
https://doi.org/10.1016/j.jff.2018.07.041


Mar. Drugs 2023, 21, 579 18 of 19

21. Zhang, K.; Li, J.W.; Hou, H.; Zhang, H.W.; Li, B.F. Purification and characterization of a novel calcium-biding decapeptide from
Pacific cod (Gadus Macrocephalus) bone: Molecular properties and calcium chelating modes. J. Funct. Foods 2019, 52, 670–679.
[CrossRef]

22. Ke, H.L.; Ma, R.J.; Liu, X.U.; Xie, Y.P.; Chen, J.F. Highly effective peptide-calcium chelate prepared from aquatic products
processing wastes: Stickwater and oyster shells. LWT 2022, 168, 113947. [CrossRef]

23. El Hajj, S.; Irankunda, R.; Camaño Echavarría, J.A.; Arnoux, P.; Paris, C.; Canabady-Rochelle, L. Metal-chelating activity of soy
and pea protein hydrolysates obtained after different enzymatic treatments from protein isolates. Food Chem. 2023, 405 Pt A,
134788. [CrossRef]

24. Lan, C.; Zhao, Y.Q.; Li, X.R.; Wang, B. High Fischer ratio oligopeptides determination from Antartic krill: Preparation, peptides
profiles, and in vitro antioxidant activity. J. Food Biochem. 2019, 43, e12827. [CrossRef] [PubMed]

25. Yue, H.; Li, Y.Q.; Cai, W.Z.; Bai, X.L.; Dong, P.; Wang, J.F. Antarctic krill peptide alleviates liver fibrosis via downregulating the
secondary bile acid mediated NLRP3 signaling pathway. Food Funct. 2022, 13, 7740–7749. [CrossRef]

26. Ding, J.; Zhu, C.Y.; Jiang, P.F.; Qi, L.B.; Sun, N.K.; Lin, S.Y. Antarctic krill antioxidant peptides show inferior IgE-binding ability
and RBL-2H3 cell degranulation. Food Sci. Hum. Well. 2023, 12, 1772–1778. [CrossRef]

27. Yao, M.K.; Gai, X.L.; Zhang, M.S.; Liu, X.; Cui, T.T.; Jia, A.R. Two proteins prepared from defatted Antarctic krill (Euphausia
superba) powder: Composition, structure and functional properties. Food Hydrocoll. 2023, 145, 109009. [CrossRef]

28. Han, L.H.; Mao, X.Z.; Wang, K.; Li, Y.Y.; Zhao, M.H.; Xue, C.H. Phosphorylated peptides from Antarctic krill (Euphausia superba)
ameliorated osteoporosis by activation of osteogenesis-related MAPKs and PI3K/AKT/GSK-3β pathways in dexamethasone-
treated mice. J. Funct. Foods 2018, 47, 447–456. [CrossRef]

29. Fernando, I.P.S.; Park, S.Y.; Han, E.J.; Kim, H.S.; Kang, D.S.; Ahn, G. Isolation of an antioxidant peptide from krill protein
hydrolysates as a novel agent with potential hepatoprotective effects. J. Funct. Foods 2020, 67, 103889. [CrossRef]

30. Wang, Y.Z.; Zhao, Y.Q.; Wang, Y.M.; Zhao, W.H.; Wang, P.; Wang, B. Antioxidant peptides from Antarctic krill (Euphausia superba)
hydrolysate: Preparation, identification and cytoprotection on H2O2-induced oxidative stress. J. Funct Foods 2021, 86, 104701.
[CrossRef]

31. Wang, M.; Zhang, L.; Yue, H.; Cai, W.; Yin, H.; Tian, Y.; Dong, P.; Wang, J. Peptides from Antarctic krill (Euphausia superba)
ameliorate acute liver injury in mice induced by carbon tetrachloride via activating the Nrf2/HO-1 pathway. Food Funct. 2023, 14,
3526–3537. [CrossRef]

32. Hou, H.; Wang, S.K.; Zhu, X.; Li, Q.K.; Fan, Y.; Cheng, D.; Li, B.F. A novel calcium-binding peptide from Antarctic krill protein
hydrolysates and identification of binding sites of calcium-peptide complex. Food Chem. 2018, 243, 389–395. [CrossRef]

33. Hu, S.; Lin, S.; Liu, Y.; He, X.; Zhang, S.; Sun, N. Exploration of iron-binding mode, digestion Kinetics, and iron absorption
behavior of Antarctic Krill-derived heptapeptide-iron complex. Food Res. Int. 2022, 154, 110996. [CrossRef]

34. Zheng, J.R.; Gao, Y.H.; Ding, J.; Sun, N.; Lin, S.Y. Antarctic krill peptides improve scopolamine-induced memory impairment in
mice. Food Biosci. 2022, 49, 101987. [CrossRef]

35. Ji, W.; Zhang, C.H.; Ji, H.W. Two novel bioactive peptides from Antarctic krill with dual angiotensin converting enzyme and
dipeptidyl peptidase IV inhibitory activities. J. Food Sci. 2017, 82, 1742–1749. [CrossRef]

36. Qiao, Q.Q.; Luo, Q.B.; Suo, S.K.; Zhao, Y.Q.; Chi, C.F.; Wang, B. Preparation, characterization, and cytoprotective effects on
HUVECs of fourteen novel angiotensin-I-converting enzyme inhibitory peptides from protein hydrolysate of tuna processing
by-products. Front. Nutr. 2022, 9, 868681. [CrossRef]

37. Beaubier, S.; Durand, E.; Lenclume, C.; Fine, F.; Aymes, A.; Framboisier, X.; Kapel, R.; Villeneuve, P. Chelating peptides from
rapeseed meal protein hydrolysates: Identification and evaluation of their capacity to inhibit lipid oxidation. Food Chem. 2023,
422, 136187. [CrossRef]

38. Hou, T.; Liu, Y.S.; Guo, D.J.; Li, B.; He, H. Collagen peptides from crucian skin improve calcium bioavailability and structural
characterization by HPLC-ESI-MS/MS. J. Agric. Food Chem. 2017, 65, 8847–8854. [CrossRef]

39. Fan, C.Z.; Ge, X.F.; Hao, J.Y.; Wu, T.; Liu, R.; Zhang, M. Identification of high iron-chelating peptides with unusual antioxidant
effect from sea cucumbers and the possible binding mode. Food Chem. 2023, 399, 133912. [CrossRef]

40. Sheng, Y.; Qiu, Y.T.; Wang, Y.M.; Chi, C.F.; Wang, B. Novel antioxidant collagen peptides of Siberian sturgeon (Acipenserbaerii)
cartilages: The preparation, characterization, and cytoprotection of H2O2-damaged human umbilical vein endothelial cells
(HUVECs). Mar. Drugs 2022, 20, 325. [CrossRef] [PubMed]

41. Hu, Y.-D.; Xi, Q.-H.; Kong, J.; Zhao, Y.-Q.; Chi, C.-F.; Wang, B. Angiotensin-I-converting enzyme (ACE)-inhibitory peptides from
the collagens of monkfish (Lophius litulon) swim bladders: Isolation, characterization, molecular docking analysis and activity
evaluation. Mar. Drugs 2023, 21, 516. [CrossRef]

42. Huang, G.R.; Ren, L.; Jiang, J.X. Purification of a histidine-containing peptide with calcium binding activity from shrimp
processing byproducts hydrolysate. Eur. Food Res. Technol. 2011, 232, 281–287. [CrossRef]

43. Chi, C.F.; Wang, B.; Wang, Y.M.; Zhang, B.; Deng, S.G. Isolation and characterization of three antioxidant peptides from protein
hydrolysate of bluefin leatherjacket (Navodon septentrionalis) heads. J. Funct. Foods 2015, 12, 1–10. [CrossRef]

44. Reddy, I.M.; Mahoney, A.W. Solution visible difference spectral properties of Fe3+-L-amino acid complexes at pH 6.60. J. Agric.
Food Chem. 1995, 43, 1436–1443. [CrossRef]

45. Zhao, L.N.; Cai, X.X.; Huang, S.L.; Wang, S.Y.; Huang, Y.F.; Rao, P.F. Isolation and identification of a whey protein-sourced
calcium-binding tripeptide Tyr-Asp-Thr. Int. Dairy J. 2015, 40, 16–23. [CrossRef]

https://doi.org/10.1016/j.jff.2018.11.042
https://doi.org/10.1016/j.lwt.2022.113947
https://doi.org/10.1016/j.foodchem.2022.134788
https://doi.org/10.1111/jfbc.12827
https://www.ncbi.nlm.nih.gov/pubmed/31353526
https://doi.org/10.1039/D1FO04241F
https://doi.org/10.1016/j.fshw.2023.02.028
https://doi.org/10.1016/j.foodhyd.2023.109009
https://doi.org/10.1016/j.jff.2018.06.004
https://doi.org/10.1016/j.jff.2020.103889
https://doi.org/10.1016/j.jff.2021.104701
https://doi.org/10.1039/D2FO03269D
https://doi.org/10.1016/j.foodchem.2017.09.152
https://doi.org/10.1016/j.foodres.2022.110996
https://doi.org/10.1016/j.fbio.2022.101987
https://doi.org/10.1111/1750-3841.13735
https://doi.org/10.3389/fnut.2022.868681
https://doi.org/10.1016/j.foodchem.2023.136187
https://doi.org/10.1021/acs.jafc.7b03059
https://doi.org/10.1016/j.foodchem.2022.133912
https://doi.org/10.3390/md20050325
https://www.ncbi.nlm.nih.gov/pubmed/35621976
https://doi.org/10.3390/md21100516
https://doi.org/10.1007/s00217-010-1388-2
https://doi.org/10.1016/j.jff.2014.10.027
https://doi.org/10.1021/jf00054a005
https://doi.org/10.1016/j.idairyj.2014.08.013


Mar. Drugs 2023, 21, 579 19 of 19

46. Jin, H.X.; Xu, H.P.; Li, Y.; Zhang, Q.W.; Xie, H. Preparation and evaluation of peptides with potential antioxidant activity
by microwave assisted enzymatic hydrolysis of collagen from sea cucumber Acaudina molpadioides obtained from Zhejiang
Province in China. Mar. Drugs. 2019, 17, 169. [CrossRef] [PubMed]

47. Cai, W.-W.; Hu, X.-M.; Wang, Y.-M.; Chi, C.-F.; Wang, B. Bioactive peptides from Skipjack tuna cardiac arterial bulbs: Preparation,
identification, antioxidant activity, and stability against thermal, pH, and simulated gastrointestinal digestion treatments. Mar.
Drugs 2022, 20, 626. [CrossRef] [PubMed]

48. Guo, L.; Harnedy, P.A.; O’Keeffe, M.B.; Zhang, L.; Li, B.; FitzGerald, R.J. Fractionation and identification of Alaska pollock skin
collagen-derived mineral chelating peptides. Food Chem. 2015, 173, 536–542. [CrossRef]

49. Liu, B.T.; Zhuang, Y.L.; Sun, L.P. Identification and characterization of the peptides with calcium-binding capacity from tilapia
(Oreochromis niloticus) skin gelatin enzymatic hydrolysates. J. Food. Sci. 2020, 85, 114–122.

50. Suo, S.K.; Zhao, Y.Q.; Wang, Y.M.; Pan, X.Y.; Chi, C.F.; Wang, B. Seventeen novel angiotensin converting enzyme (ACE) inhibitory
peptides from the protein hydrolysate of Mytilus edulis: Isolation, identification, molecular docking study, and protective function
on HUVECs. Food Funct. 2022, 13, 7831–7846. [CrossRef]

51. Wang, J.; Zhang, Y.X.; Huai, H.P.; Hou, W.Y.; Qi, Y.; Min, W.H. Purification, identification, chelation mechanism, and calcium
absorption activity of a novel calcium-binding peptide from peanut (Arachis hypogaea) protein hydrolysate. J. Agric. Food Chem.
2023, 71, 11970–11981. [CrossRef]

52. Li, W.; Ye, S.; Zhang, Z.; Tang, J.; Jin, H.; Huang, F.; Yang, Z.; Tang, Y.; Chen, Y.; Ding, G.; et al. Purification and characterization of
a novel pentadecapeptide from protein hydrolysates of Cyclina sinensis and its immunomodulatory effects on RAW264.7 cells.
Mar. Drugs 2019, 17, 30. [CrossRef] [PubMed]

53. Yu, F.; Zhang, Z.; Luo, L.; Zhu, J.; Huang, F.; Yang, Z.; Tang, Y.; Ding, G. Identification and molecular docking study of a novel
angiotensin-I converting enzyme inhibitory peptide derived from enzymatic hydrolysates of Cyclina sinensis. Mar. Drugs 2018,
16, 411. [CrossRef]

54. Liao, W.W.; Liu, S.J.; Liu, X.R.; Duan, S.; Xiao, S.Y.; Miao, J.Y. The purification, identification and bioactivity study of a novel
calcium-binding peptide from casein hydrolysate. Food Funct. 2019, 10, 7724–7732. [CrossRef]

55. Zhang, X.W.; Jia, Q.; Li, M.Y.; Liu, H.P.; Wang, Q.; Liu, Z.T. Isolation of a novel calcium-binding peptide from phosvitin
hydrolysates and the study of its calcium chelation mechanism. Food Res. Int. 2021, 141, 110169. [CrossRef]

56. He, S.; Xu, Z.; Li, J.; Guo, Y.; Lin, Q.; Jin, H. Peptides from Harpadon nehereus protect against hyperglycemia-induced HepG2 via
oxidative stress and glycolipid metabolism regulation. J. Funct. Foods 2023, 108, 105723. [CrossRef]

57. Xu, B.; Ye, L.; Tang, Y.; Zheng, J.; Tian, X.; Yang, Y.; Yang, Z. Preparation and purification of an immunoregulatory peptide from
Stolephorus chinensis of the East Sea of China. Process Biochem. 2020, 98, 151–159. [CrossRef]

58. Lee, S.; Song, K. Isolation of a calcium-binding peptide from enzymatic hydrolysates of porcine blood plasma protein. J. Korean
Soc. Appl. Biol. Chem. 2009, 52, 290–294. [CrossRef]

59. Liu, F.R.; Wang, L.; Wang, R.; Chen, Z.X. Calcium-binding capacity of wheat germ protein hydrolysate and characterization of
peptide-calcium complex. J. Agric. Food Chem. 2013, 61, 7537–7544. [CrossRef]

60. Huang, W.; Lan, Y.; Liao, W.; Lin, L.; Liu, G.; Miao, J. Preparation, characterization and biological activities of egg white
peptides-calcium chelate. LWT 2021, 149, 112035. [CrossRef]

61. Wang, X.Q.; Zhang, Z.; Xu, H.Y.; Li, X.Y.; Hao, X.D. Preparation of sheep bone collagen peptide-calcium chelate using enzymolysis-
fermentation methodology and its structural characterization and stability analysis. RSC Adv. 2020, 10, 11624–11633. [CrossRef]
[PubMed]

62. Cui, P.; Lin, S.; Han, W.; Jiang, P.; Zhu, B.; Sun, N. Calcium delivery system assembled by a nanostructured peptide derived from
the sea cucumber ovum. J. Agric. Food Chem. 2019, 67, 12283–12292. [CrossRef] [PubMed]

63. Amalraj, A.; Pius, A. Bioavailability of calcium and its absorption inhibitors in raw and cooked green leafy vegetables commonly
consumed in India—An in vitro study. Food Chem. 2015, 170, 430–436. [CrossRef]

64. Chi, C.F.; Wang, B.; Deng, Y.Y.; Wang, Y.M.; Deng, S.G.; Ma, J.Y. Isolation and characterization of three antioxidant pentapeptides
from protein hydrolysate of monkfish (Lophius litulon) muscle. Food Res. Int. 2014, 55, 222–228. [CrossRef]

65. Chen, Y.; Jin, H.; Yang, F.; Jin, S.; Liu, C.; Zhang, L.; Huang, J.; Wang, S.; Yan, Z.; Cai, X.; et al. Physicochemical, antioxidant
properties of giant croaker (Nibea japonica) swim bladders collagen and wound healing evaluation. Int. J. Biol. Macromol. 2019,
138, 483–491. [CrossRef] [PubMed]

66. Liao, W.; Chen, H.; Jin, W.; Yang, Z.; Cao, Y.; Miao, J. Three newly isolated calcium-chelating peptides from tilapia bone collagen
hydrolysate enhance calcium absorption activity in intestinal caco-2 cells. J. Agric. Food Chem. 2020, 68, 2091–2098. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/md17030169
https://www.ncbi.nlm.nih.gov/pubmed/30875949
https://doi.org/10.3390/md20100626
https://www.ncbi.nlm.nih.gov/pubmed/36286450
https://doi.org/10.1016/j.foodchem.2014.10.055
https://doi.org/10.1039/D2FO00275B
https://doi.org/10.1021/acs.jafc.3c03256
https://doi.org/10.3390/md17010030
https://www.ncbi.nlm.nih.gov/pubmed/30621347
https://doi.org/10.3390/md16110411
https://doi.org/10.1039/C9FO01383K
https://doi.org/10.1016/j.foodres.2021.110169
https://doi.org/10.1016/j.jff.2023.105723
https://doi.org/10.1016/j.procbio.2020.08.011
https://doi.org/10.3839/jksabc.2009.051
https://doi.org/10.1021/jf401868z
https://doi.org/10.1016/j.lwt.2021.112035
https://doi.org/10.1039/D0RA00425A
https://www.ncbi.nlm.nih.gov/pubmed/35496583
https://doi.org/10.1021/acs.jafc.9b04522
https://www.ncbi.nlm.nih.gov/pubmed/31610118
https://doi.org/10.1016/j.foodchem.2014.08.031
https://doi.org/10.1016/j.foodres.2013.11.018
https://doi.org/10.1016/j.ijbiomac.2019.07.111
https://www.ncbi.nlm.nih.gov/pubmed/31330209
https://doi.org/10.1021/acs.jafc.9b07602
https://www.ncbi.nlm.nih.gov/pubmed/31927882

	Introduction 
	Results and Discussion 
	Preparation of Protein Hydrolysate of Antarctic Krill 
	Screening of Protease Species 
	Optimized the Chelating Conditions of Ca with AKH 

	Preparation of Ca-Chelating Peptides from AKH 
	Ultrafiltration 
	Anion-Exchange Chromatography of AKH-5 
	Gel Permeation Chromatography (GPC) of AKH-5a 
	RP-HPLC Purification of AKH-5a-2 

	Determination of Sequences and MWs of Ca-Chelating Peptides (ACP1–ACP14) 
	Ca-Chelating Ability of Fourteen Isolated Peptides (ACP1–ACP14) 
	Characterization of VERG-Ca Chelate 
	UV Absorption Spectroscopy 
	FTIR Spectroscopy 
	Scanning Electron Microscope (SEM) 

	Stability Analysis of VERG-Ca Chelate 
	Transport of VERG-Ca Chelate across the Caco-2 Cell Monolayer 

	Materials and Methods 
	Chemicals and Reagents 
	Preparation of Protein Hydrolysate of Antarctic Krill 
	Screening of Protease Species 
	Optimization of the Chelating Conditions of Ca with AKH 
	Preparation of Peptide-Ca Chelates and Determination of Ca-Chelating Rate 
	Separation Process of Ca-Chelating Peptides from AKH 

	Identification of Peptides (ACP1to ACP14) from AKH 
	Characterization of VERG-Ca Chelate 
	UV Absorption Spectroscopy Analysis 
	FTIR Spectroscopy Analysis 
	Scanning Electron Microscopy (SEM) Analysis 

	Stability Analysis of VERG-Ca Chelate against Simulated Gastrointestinal Digestion 
	Ca Transport Effect of VERG-Ca Chelate in Caco-2 Cell Monolayers 
	Culture of Caco-2 Cells and Establishment of Caco-2 Cell Monolayer Model 
	Cytotoxicity Assay 
	Ca Transport Analysis 

	Statistical Analysis 

	Conclusions 
	References

