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Zinc is a crucial micronutrient for maintaining body immune system and metabolism

function. However, insufficient intake from diet may lead to zinc deficiency and impair

normal body function. In addition, conventional zinc salts supplementation has the

disadvantage of low bioavailability since the zinc ions may be easily chelated by

dietary fiber or phytate commonly found in diets rich in plants, and form precipitates

that cannot be absorbed. Therefore, the objective of the present study is to prepare

pumpkin seed derived peptides and to evaluate the effect of structure and surface

properties on the zinc binding behavior of the pumpkin seed protein hydrolysate (PSPH),

as well as their gastrointestinal stability. Briefly, different PSPHs were prepared using

enzymatic hydrolysis method with bromelain, papain, flavourzyme, alcalase, and pepsin.

The particle size, zeta potential, surface hydrophobicity, degree of hydrolysis, ATR-FTIR

spectra, and zinc binding capacity were determined. The representative samples were

chosen to characterize the binding energy and surface morphology of PSPH-Zn. At last,

the in vitro gastrointestinal stability of PSPH and PSPH-Zn were evaluated. Our results

showed that peptides hydrolyzed by papain had the largest average molecular weight,

smallest particle size, highest hydrophobicity, and the greatest zinc binding capacity.

Zinc showed better gastrointestinal stability in PSPHs chelates than in its salt. Meanwhile,

PSPH-Zn with higher zinc binding capacity showed better stability. The result of this study

indicated pumpkin seed hydrolyzed by papain may be used as a potential source for zinc

fortification. The findings in this study may provide important implications for developing

plant-based zinc chelating peptides.

Keywords: pumpkin seed protein, peptides, chelating, zinc, gastrointestinal stability

INTRODUCTION

Zinc, as one of the essential micronutrients with important structural, immune, and regulatory
functions, contributes to the synthesis of the over 300 enzymes in the human body (1). A recent
study found individuals with zinc deficiency may have higher COVID-19 infection risk (2).
In addition, zinc plays a crucial role in the growth of infants, children, and adolescents. Zinc
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deficiency has a negative effect on growth retardation, anemia,
and neuronal dysfunctions (3). Zinc deficiency is still quite
common nowadays. It has been reported that about 4 to 73%
of people in different countries still suffer from zinc deficiency,
which may affect as many as two billion people worldwide (3).

Low dietary zinc intake and high loss of zinc during
absorption can result in zinc deficiency, and may increase the
risk of alopecia and skin rash (4). For this reason, different
types of zinc supplements have been developed. In earlier
years, zinc salts including zinc sulfate and zinc gluconate
have been used as a zinc fortifier. However, phytate, a strong
zinc chelator commonly existing in human diets, may form
the insoluble complexes with zinc that cannot be absorbed
(5). In the meantime, due to the lack of phytate-hydrolyzing
enzyme, zinc could not be absorbed in the gastrointestinal
tract. Furthermore, other minerals such as iron, calcium, and
copper in food would compete for the non-specific divalent
mineral transporters, affecting zinc absorption (6). Zinc salts
supplements often have unpleasant metallic off-flavor, therefore
compromising consumer acceptability.

The bioaccessibility and bioavailability of zinc are immensely
affected by dietary zinc intake and absorption. Compared with
inorganic zinc salts, amino acids or peptide binding can protect
zinc from forming complexes with other dietary inhibitors, which
will increase the digestion stability of zinc in the gastrointestinal
tract and finally improving its bioavailability (4). Studies have
showed that bioavailability of zinc is higher for zinc-peptide
complexes than its inorganic counterparts (7). In recent years,
zinc chelating peptide has been prepared from different protein
sources, such as dairy (8), wheat germ protein (9), hemp
(10), walnut (11), sesame (12), rapeseed (13), as well as sea
cucumber (14), silver carp (15), octopus scraps (16), and tilapia
bone (17).

Pumpkin (Cucurbita pepo L.) seed is a good source of
protein (30–40%) (18). According to FAO/WHO, pumpkin
seed protein is rich in all essential amino acids. It is a
good source of valine, histidine, isoleucine, leucine, threonine,
and methionine (19). In addition, pumpkin seeds have been
recommended as a good source for obtaining dietary zinc by
the World Health Organization (20). The literature findings
have consistently shown that the total amount of Zn found
in pumpkin seeds is about 91.2 µg·g−1 (20, 21). We therefore
would like to explore whether the unique composition of
pumpkin seed protein also makes it a good source for zinc-
chelating peptides.

In this study, pumpkin seed proteins were hydrolysated
by five different emzymes to prepare zinc-chelating peptides.
Further, the surface hydrophobicity, zeta potential, particle size,
molecular weight distribution, and amino acid composition of
hydrolysis were characterized. Meanwhile, the complex of zinc
and peptide were characterized by SEM, XPS, and FT-IR. The in
vitro gastrointestianl stability of zinc was then evaluated using
simulated gastrointestinal digestion. The findings of this study
would be of prime importance for the utilization of pumpkin seed
protein to fabrication zinc-chelating peptides, which may be used
as a functional food ingredient or used in plant-based food to
realize the fortification of zinc.

MATERIALS AND METHODS

Materials
Pumpkin seeds (Cucurbita pepo L.) were provided by
Haichuansanxin Food Company (Beitun, China). Alcalase
(≥200 U/mg) was purchased by Hefei Bomei Biotechnology Co.,
Ltd. (Hefei, China). Papain (>200 units/mg) and flavourzyme
(30,000 units/g) were purchased from Solarbio Life Science
(Beijing, China). Bromelain (3,000–7,000 U/mg), pepsin (1,200
U/g), pancreatin (≥4,000U/g), trypsin (≥50,000U/g), and bile
salt and o-Phthalaldehyde (OPA) and dithiothreitol (DTT) were
purchased from Sangon Biotech (Shanghai, China). In addition,
8-Anilino-1-naphthalenesulfonic acid (ANS) [≥97% (HPLC)]
was purchased from Sigma-Aldrich. Sodium dodecyl sulfate
(SDS) and L-Serine (≥BR) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Zinc sulfate heptahydrate, sodium
hydroxide, nitric acid, n-hexane, ethyl alcohol, and other
reagents were of analytical grade and purchased from Chemical
Reagent Co., Ltd. (Shanghai, China). Dialysis bags (MD34-500)
were purchased from Wuxi Hengkang Medical Technology
Co., Ltd.

Preparation of Samples
Preparation of Pumpkin Seed Protein
The pumpkin seeds were ground into flour using a YF-1000
blender (Yongli PharmaceuticalMechanic, Zhejiang, China). Ten
volumes of hexane (w/v) were added to pumpkin seed flour to
remove fat. After stirring for 2 h, the hexane was removed. This
process was repeated three times to ensure complete removal of
fat. The defatted pumpkin seed flour was dispersed in deionized
water (w/v:1/10) and adjusted pH 10 with 1M NaOH. Then the
mixture was stirred gently for 30min and centrifuged at 4◦C
and 10,000 g for 20min. The supernatant was collected and then
filtered with a filter paper. The protein dissolved in the filtrate
was sedimented by adjusting pH to 5.00 with 1M HCl. The
precipitation was washed with deionized water, centrifuged at
10,000 g for 20min to remove possible impurities. The pH of the
protein was adjusted to 7 using NaOH. Then it was frozen-dried
to obtain pumpkin seed protein powder. The powder was stored
in−20◦C for further use.

Preparation of Pumpkin Seed Protein Hydrolysates
The pumpkin seed protein powder was dissolved in deionized
water (4%, w/w). Pumpkin seed protein solution was boiled
in a water bath for 15min to inactivate endogenous enzymes.
After cooling, the pH was adjusted with 1M NaOH or 1M
HCl for enzymatic hydrolysis. Thereafter, the solutions were
hydrolyzed with bromelain (pH 6.5, 37◦C), alcalase (pH 8.0,
50◦C), papain, flavourzyme (pH 7.0, 55◦C), papain (pH 7.0,
55◦C), and trypsin (pH 7.5, 37◦C) (2% enzyme to substrate
ratio, w/w) for 3 h. Each protein solution was placed in a conical
flask with sealing membrane and was hydrolyzed in constant-
temperature shaker water bath using the water-bathing Constant
Temperature Vibrator (THZ-82, Changzhou Guohua Electric
Appliance Co. Ltd). After the enzymatic hydrolysis, the enzyme
was deactivated by heating in a boiling water bath for 15min and
cooled to room temperature. The pH was adjusted to 7 by 1M
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NaOH or 1M HCl and centrifuged at 10,000 g for 15min. The
precipitation was discarded, and the supernatant was retained.
The supernatant was filtered and freeze dried. Then the pumpkin
seed protein hydrolysate (PSPH) was obtained and stored in a
−20◦C freezer for later use.

Preparation of PSPH-Zn
Peptide-zinc complexes were prepared in reference to previous
methods with some modifications (10). PSPHs were respectively
dissolved in the deionized water at the concentration of 20
mg/ml. Then, 100mM zinc sulfate solution was dripped into
the peptide solution slowly to make the final concentration of
peptide: zinc to 1:1 (g: mmol), and the mixtures were incubated
in 60◦C water shaking bath for 60min. After that, ethanol was
added into the incubates until the ethanol concentration was up
to 80% to precipitate peptides and peptide-zinc (II) complexes.
Left to stand for 60min at room temperature, the intermixture
was centrifuged at 10,000 g for 10min to get the centrifugal
precipitates. The white precipitates were washed three times with
80% ethanol to remove the unbound zinc. Finally, the peptide–
zinc (II) complexes were collected and prepared for freeze-dried
structure characterization.

Characterization of PSPH and PSPH-Zn
Degree of Hydrolysis
The degree of hydrolysis (DH) of PSPHs were determined using
the o-Phthalaldehyde (OPA) method described by Nielsen et al.
(22). The PSPH was dissolved in deionized water, and the 400
µl sample solutions was mixed with 3ml OPA-reagents for
2min precisely. Then the optical density (OD) was measured at
340 nm using an UV-Visible Spectrophotometer (MAPADA P7,
Shanghai, China). Double distilled water was used as blank. The
degree of hydrolysis was calculated using the following equations:

Serine NH2 =
ODsample − ODblank

ODstandard − ODblank
∗
0.9516meqv

L
∗
d

c

where serine-NH2 represents meqv serine NH2/g protein,
ODsample was the absorbance of each sample, the ODstandard was
the absorbance of serine standard, dwas dilution factor, and c was
protein content of pumpkin seed.

DH (%) =
h

htot
∗100% =

Serine NH2∗β
α

htot
∗100%

where h was number of hydrolyzed peptide bonds, α= 1, β= 0.4,
htot is the total number of peptide bonds in the protein substrate
(meqv/g protein).

Molecular Weight Distribution
The molecular weight distribution of PSPHs was determined by
gel permeation chromatography (GPC) using a high performance
liquid chromatography (HPLC) system (Agilent 1100, Agilent
Technologies Inc., Germany). Chromatographic column: TSK gel
SWXL 300mm × 7.8 nm; 2ml sample solution was added into
a 10mL volumetric flask, acetonitrile/water/trifluoroacetic acid
(45/55/0.1: v/v/v) solution was added to bring the volume to

10ml. The solution was then filtered and analyzed on the HPLC.
The flow rate was 0.5 ml/min. The temperature of the column
was 30◦C and the sample was detected at 220 nm.

Zeta Potential and Average Particle Diameter

Analysis
Dried PSPH (0.5%, w/v) was dissolved in deionized water and
diluted 10 times for measurement. The mean particle diameter
and zeta potential of PSPHs were determined using a Zetasizer
(Nano-ZS, Malvern Instruments Ltd., Malvern, UK).

Surface Hydrophobicity
The surface hydrophobicity of PSPHs was analyzed using
8-Anilino-1-naphthalenesulfonic acid (ANS) as fluorescent
probe. PSPH was dissolved (0.05%, w/v) in phosphate buffer
(10mM, pH 7.0). Each protein dispersion was diluted with
phosphate buffer to obtain serial protein concentrations of
0.005 to 0.025% (w/v). Then, 20 µl ANS solution (8.0
mmol/L) was added into 4ml protein solution and mixed
thoroughly. The samples were measured using a Hitachi F-7000
fluorescence spectrophotometer (Hitachi Lt., Tokyo, Japan). The
excitation wavelength was 390 nm and an emission wavelength
was 470 nm. The fluorescence intensity was plotted on the
ordinate and the protein concentration was used to the
abscissa. The initial slope was used as an index of protein
hydrophobicity (H0).

Amino Acid Composition Analysis
The amino acid composition was determined in reference
to reported methods (23). Dried PSPH was digested
using 6M HCl at 110◦C for 24 h under nitrogen
atmosphere. The composition of amino acid was
measured by Sykam S433D automatic amino acid analyzer
(Munich, Germany).

Zinc Binding Capacity
Zinc binding capacity was calculated according to the method
published by Wang (10). The samples were digested in
nitric acid using a hot plate at 150◦C for 2 h and 180◦C for
1 h until smoke was observed. After cooling, the digestion
solution was transferred into a 10ml or 25ml volumetric
flask and brought to volume with H2O. After further dilution
of 1,000 to 2,000-fold, the content of Zn2+ was measured
using atomic absorption method (Atomic Absorption
Spectrometer, Thermo Fisher Scientific). Zinc binding
capacity was calculated as described previously using the
following formula:

Zinc binding capacity (%)

=
The amount of Zn2+ in the complex

(

mg
)

The amount of Zn2+ added (mg)
∗100%

Attenuated Total Reflection Fourier Transform

Infrared Spectroscopy (ATR-FTIR)
The ATR-FTIR spectra of PSPHs (PSPH-Bro, PSPH-Alc, PSPH-
Fla, PSPH-Pap, PSPH-Try) were determined using a Nicolet
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iS10 FTIR spectrophotometer (Thermo Fisher Scientific Corp.,
Waltham, USA). Each sample was placed on the crystal and
the data was collected. The ATR-FTIR spectra was scanned 16
times with a spectral resolution of 2 cm−1 and recorded at
the wavenumbers between 4,000 to 400 cm−1. The data was
processed with the OMNIC software (Thermo Fisher Scientific
Inc., OMNIC 9.2.86).

Morphology of PSPH and PSPH-Zn Complexes
A scanning electron microscopy (SEM, S-4800, Hitachi
Science Systems, Ltd., Tokyo, Japan) was used to observe
detailed surface morphology of representative PSPH
and PSPH-Zn complex. The powders were glutted on
the plate, respectively, sprayed with gold, and then

observed using the SEM at an accelerating potential
of 5 kV.

X-Ray Photoelectron Spectroscopy Spectra of PSPH

and PSPH-Zn Complexes
X-ray photoelectron spectroscopy measurements of
representative PSPH and PSPH-Zn were carried out with an
AXIS Supra by Kratos Analytical Inc. (Wharfside, Manchester,
UK). The monochromatized Al Ka radiation (hv = 1,486.6 eV,
225W) was used as an X-ray source. The base pressure is
10−9 torr. A pass energy of 160 eV and a 1 eV step size
was used to obtain survey scan spectra. A pass energy of
40 eV and a 0.1 eV step size was used to obtain narrow
region scans. The analyzed area of all XPS spectra was 300 ×

700 µm2. A charge neutralizer was used throughout as the

FIGURE 1 | Molecular weight distribution of pumpkin seed protein hydrolysates produced with bromelain (PSPH-Bro), alcalase (PSPH-Alc), flavourzyme (PSPH-Fla),

papain (PSPH-Pap), trypsin (PSPH-Try) after hydrolysis 3 h in a 2% (w/w) enzyme to substrate ratio.
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samples were mounted so that they were electrically isolated
from the sample bar. All spectrums were calibrated using
C 1s (284.8 eV).

Gastrointestinal Stability of PSPH and PSPH-Zn
The gastrointestinal stabilities of PSPH and PSPH-Zn were
determined using the methods reported by Udechukwu et al.
(8) and Liao et al. (17) with some modifications. Briefly,
the simulated gastric juice was prepared by pepsin in 0.1M
hydrochloric acid. And the pancreatin and bile salts were
dissolved in 0.1M NaHCO3 solution to prepare simulated
intestinal juice. First, the PSPH-Zn complexes were dissolved
in Milli-Q water and incubated with simulated gastric juice
at pH 2.0 and 37◦C for 30min in the linear shaking bath.
The pepsin-substrate ratio was 1:100 (w/w). After incubation,
a part of gastric digests was withdrawn and heated for 10min
in boiling water to inactivate enzymes. Then, the solutions
were dialyzed in dialysis bags (molecular weight: 34–500 Da)
for 6 h. Thereafter, the contents of zinc in dialysis bags

were measured by atomic absorption spectrometry. Another
portion of the digests were adjusted the pH to 7.5 with 1M
NaOH and continuously reacted with intestinal juice maintained
the pH at 37◦C for 3 h. The intestinal digests were treated
with the same operation as the gastric digests. Meantime,
the PSPH were used as the control. The zinc stability (%)
was expressed as the percentage of the total zinc retained
after dialysis.

Statistical Analysis
The experimental results were expressed in the form
of mean ± standard deviation (Means± SD). The
statistical analysis was conducted using the software
(IBM SPSS statistic 22). One-way variance analysis
ANOVA followed by Duncan’s multiple comparison
test was used to detect the difference between the
mean values, and the P < 0.05 was considered as
significantly different.

FIGURE 2 | Degree of hydrolysis (DH) of pumpkin seed protein hydrolysates produced with bromelain (PSPH-Bro), alcalase (PSPH-Alc), flavourzyme (PSPH-Fla),

papain (PSPH-Pap), trypsin (PSPH-Try) after hydrolysis 3 h in a 2% (w/w) enzyme to substrate ratio. Different letters represent significantly different mean values with

P < 0.05.
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FIGURE 3 | Mean particle diameter (A) and Zeta potential (B) of pumpkin seed protein produced with bromelain (PSPH-Bro), alcalase (PSPH-Alc), flavourzyme

(PSPH-Fla), papain (PSPH-Pap), trypsin (PSPH-Try) after hydrolysis 3 h in a 2% (w/w) enzyme to substrate ratio. Bars in each chart with different letters represent

significantly different mean values with P < 0.05. Different letters represent significantly different mean values with P < 0.05.
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RESULTS

Molecular Weight Distribution and Degree
of Hydrolysis of PSPHs
The relationship between the molecular weight distribution of
hydrolysates and their mental-binding properties was still not
fully understood, which may differ when different peptides were
derived from different sources. Chen at al. found that compared
with other two peptides with different average molecular weights
(P2: 2,745 Da, P3: 4,378 Da), peptide with low molecular weight
(P1:1,653 Da) had stronger zinc chelation capacity and stability
(24). In addition, chicken muscle peptides (>10 kDa) showed
excellent chelation capacity with iron (25). The molecular weight
distribution of different enzymatic hydrolysates at the same
hydrolysis time (3 h) could be clearly seen from Figure 1. The
profile of different molecular hydrolysates was divided into
6 groups (<180 Da, 180–500 Da, 500–1,000 Da, 1,000–2,000
Da, 2,000–3,000 Da, and >3,000 Da). The mean molecular
weights of PSPH-Bro, PSPH-Alc, PSPH-Fla, PSPH-Pap, and
PSPH-Try were 1,463 Da, 1,022 Da, 1,167 Da, 3,312 Da, and

1,582 Da, respectively. The molecular weight (Mw) of PSPH-Pap
>3,000 Da accounted for more than 50%, while the percentage
of molecular weight smaller than 1,000 Da was the lowest
compared with other hydrolysates. And, from Figure 5, the
PSPH-Pap has the highest zinc binding capacity compared with
other hydrolysates. These results indicated that, for pumpkin
seed peptides, high molecular hydrolysates can better bind with
zinc ions.

DH was another factor affecting the amino acid components
and sequences, which may further influence the zinc-binding
capacity. There had been reports that the degree of hydrolysis
was positively correlated with mental-binding capacity. Sun et al.
(26) reported that sea cucumber (Stichopus japonicus) ovum
hydrolysates produced with alcalase showed the best DH and the
highest iron-binding capacity. In our study, all hydrolysates were
hydrolyzed with their respective optimum pH and temperature
for 3 h. Degree of hydrolysis of the five hydrolysates were 6.8
± 0.1% for PSPH-Bro, 15.5 ± 0.3% for PSPH-Alc, 5.9 ± 0.2%
for PSPH-Fla1, 15.5 ± 0.2% for PSPH-Pap, and 13.5 ± 0.4% for
PSPH-Try (Figure 2). The DH of four hydrolysates were almost

FIGURE 4 | Surface hydrophobicity of pumpkin seed protein hydrolysates produced with bromelain (PSPH-Bro), alcalase (PSPH-Alc), flavourzyme (PSPH-Fla), papain

(PSPH-Pap), trypsin (PSPH-Try) after hydrolysis 3 h in a 2% (w/w) enzyme to substrate ratio. Different letters represent significantly different mean values with P < 0.05.
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identical around 15%. The PSPH-Pap showed the greatest zinc
binding capacity though the degree of hydrolysis was lower than
that of alcalase and flavourzyme. The similar results can be found
in the study of Wu et al. (27). DH was an influential factor
affecting mental-binding capacity; a too high or too low DH is
inappropriate for mental binding (28). The essential reason of
the phenomenon was that proper hydrolysis was beneficial to
the exposure of hydrophobic groups, which contributed to the
coordination of mental and peptides (29).

Average Particle Sizes and Zeta Potential
of PSPHs
Particle size of a carrier system played an important role in the
bioaccessibility and bioavailability of the targeted compound it
encapsulates (30). In most cases, the peptides possessing smaller
sizes demonstrate better solubility and contributed to better
digestibility of zinc compared with intact proteins (7). As shown
in Figure 3A, the average particle diameters of PSPH-Bro, PSPH-
Alc, PSPH-Fla, PSPH-Pap, and PSPH-Try were 1,601 ± 101 nm,
1,747 ± 42 nm, 3,624 ± 41 nm, 859 ± 45 nm, and 2,646 ±

200 nm, respectively. The PSPH-Fla and PSPH-Try had relatively

larger average particle sizes, while themean particle size of PSPH-
Pap was the smallest. In most cases, the peptides possessing
smaller sizes demonstrate better solubility and contributed to
better digestibility of zinc compared with intact proteins (7).

The Zeta potential of the particles was defined as the
electric potential at the boundary of the double layer on the
particle surface (31). According to the Udechukwu report,
the zinc-chelating capacity of the whey protein hydrolysates
had a significantly strong negative relationship with their ζ-
potential (8). The five pumpkin seed protein hydrolysates were
all negatively charged, which could be observed at Figure 3B,
and the zeta potential of PSPH-Bro, PSPH-Alc, PSPH-Fla, PSPH-
Pap, and PSPH-Try were −11.47 ± 1.76mV, −3.24 ± 0.39mV,
−8.66 ± 0.85mV, −5.16 ± 1.21mV, and −15.1 ± 0.82mV. The
PSPH-Alc and PSPH-Pap showed relatively low potential. The
difference in zeta potential difference was caused by the specific
cleavage behavior of different enzymes. For example, papain
can cleave the bond between arginine/lysine and non-valine
amino acid, releasing peptides with arginine/lysine as terminal
amino acid, and leading to the change of zeta potential. As
shown in Figures 3A,B, PSPH-Psp had the smallest mean particle

FIGURE 5 | Zinc binding capacity of pumpkin seed protein hydrolysates produced with bromelain (PSPH-Bro), alcalase (PSPH-Alc), flavourzyme (PSPH-Fla), papain

(PSPH-Pap), trypsin (PSPH-Try) after hydrolysis 3 h in a 2% (w/w) enzyme to substrate ratio. Different letters represent significantly different mean values with P < 0.05.
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TABLE 1 | Amino acid composition of pumpkin seed protein and pumpkin seed

protein hydrolysates.

Amino acid PSP PSPH-Alc PSPH-Tyr PSPH-Fla PSPH-Pap PSPH-Bro

Asp 9.24 9.19 9.21 8.93 8.80 8.33

Glu 19.74 23.04 21.92 22.52 25.53 24.30

Ser 4.65 4.86 4.84 4.84 5.24 5.00

His 2.31 1.93 2.08 1.92 1.46 1.87

Gly 4.46 4.43 4.53 4.43 4.42 4.50

Thr 2.98 2.83 2.83 2.70 2.30 2.53

Arg 15.31 15.85 15.93 16.43 17.84 18.29

Ala 4.65 4.67 4.63 4.40 4.02 4.22

Tyr 3.74 3.37 3.31 2.94 2.50 3.13

Cys 0.49 0.52 0.56 0.52 0.48 0.56

Val 5.60 4.50 4.60 4.44 4.19 4.03

Met 2.46 2.33 2.36 2.23 1.85 2.20

Phe 5.60 5.19 5.39 5.28 4.63 4.68

Ile 4.51 4.29 4.38 4.33 3.61 3.81

Leu 7.58 7.04 7.38 7.23 6.28 6.50

Lys 3.61 3.46 3.66 3.61 3.63 3.46

Pro 3.07 2.51 2.37 3.23 3.23 2.60

PSP, pumpkin seed protein.

diameter but its net charge was not the highest, different from
the theory used in colloid systems where high net negative charge
will result in smaller mean particle diameter caused by electric
repulsion. It was probably because each PSPH is a complicated
system containing different amounts of peptides with varied
compositions, chain length, and conformation.

Surface Hydrophobicity of PSPHs
The surface hydrophobicity of PSPHswas shown in Figure 4. The
PSPH-Pap had the highest surface hydrophobicity and PSPH-
Alc and PSPH-Fla had lowest surface hydrophobicity. Combined
with the results in Figure 5, the zinc binding capacity is basically
positively correlated with surface hydrophobicity. The surface
hydrophobicity of proteins was caused by the exposure of some
hydrophobic groups on the surface of proteins. It was the main
factor affecting the intermolecular interaction and one of the key
indicators to measure the functional properties of proteins.

Amino Acid Composition of PSPHs
The function of the peptide depends mainly on its composition
and sequence of amino acid composition. In general, the side
chain of histidine, aspartate, glutamate, cysteine, and serine can
bind with minerals including Cu, Fe, and Zn through N, O, or
S atoms (7). The imidazole group of histidine, the phenol ring
of tyrosine, and the carboxy group of aspartate and glutamate
can serve as the metal binding sites in proteins (32). Specifically,
studies showed that zinc may bind to the acidic side chain
of protein, phosphorylated residue, deprotonated nitrogen, and
sulfur residues of amino acids and peptides. While functional
groups including thiol group (cysteine, glutathione), imizadole
group (hisidine), as well as asparagine and glutamine residues,
phosphorylated residues, and methionine all contributed to the

increased chelation capacities of zinc (33). The amino acid
profiles of pumpkin seed protein and five enzymatic hydrolysates
were shown in Table 1. PSPH-Pap contained more (45.45%)
amino acids (Asp, Glu, His, Ser, Cys) that may chelate with
zinc than other groups: 40.4% for native protein, 42.25% for
PSPH-Bro, 42.58% for PSPH-Alc, 42.64% for PSPH-Fla, and 44%
for PSPH-Try.

Zinc Binding Capacity of Different PSPHs
Zinc binding capacity or zinc chelating capacity was defined
differently according to different experiments. In this study, it
was defined as the percentage of zinc that was bound to PSPHs
to that of total zinc added to the mixture. As shown in Figure 5,
the zinc binding capacity of PSPHs were 64.7 ± 9.1% for PSPH-
Bro, 62.5± 5.6% for PSPH-Alc, 57.9± 3.8% for PSPH-Fla, 76.3±
8.7% for PSPH-Pap, and 39.3± 3.0% for PSPH-Try, respectively.
Zinc binding capacity of a certain peptide is predominately
determined by the amino acid composition and arrangement
of that specific peptide (33). According to the above-mentioned
results, PSPH-Pap had the largest average molecular weight of
3,312 Da and contained the highest content of amino acid that
tend to chelate with zinc. Udechukwu also found there was a
positive correlation between zinc chelating amino acid content
and zinc chelating capacity (8). In this study, each PSPH is the
mixture of protein hydrolysate with different chain length as
well as amino acid composition. The zinc binding capacity of
PSPHs are the collective manifestation of peptide structural and
chemical properties including surface hydrophobicity, average
molecular weight distribution, zeta potential, as well as amino
acid composition.

ATR-FTIR
In order to understand the ligand interactions between PSPH and
Zn, ATR-FTIR was applied to characterize the structure of PSPH-
Zn. The IR spectra of five hydrolysates of pumpkin seed protein
and their zinc-binding complexes are shown in Figures 6A–C.
The PSPH-Pap, as the peptide with the highest zinc chelation
rate, was individually analyzed in detail with its zinc binding
complex: PSPH-Pap-Zn.

The infrared spectra consist of two parts with no doubts:
functional group region and fingerprint region. The band around
3,400 cm−1 represented the N-H stretching, while O-H bonds
existed an absorption in the wavenumber of 2,900 cm−1.
Furthermore, the band around 1,600 cm−1 exhibited the N-
H bending vibration coupled with the C=O stretching, while
the absorption at 1,400 cm−1 was due to COO- and C-O peak
occurred in 1,100 cm−1. From Figure 6A, there were no obvious
differences among the five hydrolysates.

As shown in Figure 6B, after binding to zinc, both
transmissivity intensity and peak position were changed for
peptide-zinc complex. Take PSPH-Pap with the highest zinc-
chelating capacity, for example; the peaks slightly shifted from
3,272.86 cm−1 to 3,277.45 cm−1 and 2,928.39 cm−1 to 2,936.03
cm−1, which may be caused by the stretching vibrations of N–H
bonds and O-H bonds. The most apparent peak feature could be
observed around 1,100 cm−1, while the 1,076.96 cm−1, 1,028.84
cm−1 shifted to the 1,102.92 cm−1 and 1,081.54 cm−1. Moreover,
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FIGURE 6 | Attenuated total reflection fourier transform infrared spectra (ATR-FTIR) of (A) pumpkin seed protein hydrolysates (PSPHs) in the range of 4,000 to 400

cm−1; (B) pumpkin seed protein hydrolysates (PSPH) zinc chelates; (C) pumpkin seed protein hydrolysate hydrolyzed by papain (PSPH-Pap, black line) and its zinc

complex (PSPH-Pap-Zn, red line).
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FIGURE 7 | Scanning electron microscopy (SEM) photograph of pumpkin seed protein hydrolysates produced by papain after hydrolysis 3 h in a 2% (w/w) enzyme to

substrate ratio PSPH-Pap (A, C) and its zinc complex PSPH-Pap-Zn complex (B, D).

the new absorption peaks appeared in 1,050.69 cm−1. The sharp
peak observed around 1,400 cm−1 may be attributed to the
stretch of C-O. In conclusion, oxygen atoms fromC-O bonds and
nitrogen-atoms from the N-H bonds were the main binding sites
of PSPH and zinc.

SEM
Binding to zinc has an influence on both the chemical
structure and microstructure of PSPHs. Figure 7 showed the
microstructures of pumpkin seed protein hydrolysate (PSPH),
PSPH-Zn, respectively. The PSPH showed a laminar structure
with smooth surface (Figures 7A,C). However, the morphology
of PSPH-Pap-Zn seemed to be the loose globular structure
(Figures 7B,D), which could be explained as the aggregation of
peptide due to the existence of zinc. In the presence of zinc, the
spatial conformation of the peptides may rearrange or fold where
different ligands from the amino acid side chains forms complex
with zinc through coordination (34). A similar phenomenon

has also been observed in the oyster-derived peptide zinc-
binding complex (35), cucumber seed peptide-calcium chelate
(36). Zhang et al. (37) reported that the peptide could fold
and aggregate when the oyster protein hydrolysis and zinc
form the compound. A detailed understanding on the molecular
conformation change after zinc chelation could be obtained
through molecular modeling.

X-Ray Photoelectron Spectroscopy
Spectra of PSPH and PSPH-Zn
XPS is a method used to analyze the surface chemistry of a
material. XPS instrument measures the kinetic energy emitted
from surface elements upon X-ray exposure. It has been used
to characterize the binding of iron to an Antarctic krill derived
peptide (38). Since each of our PSPH samples is a mixture of
peptides with different molecular weights, the XPS was only used
quantitatively to identify the PSPH-Zn. As shown in Figure 8,
there were three peaks of C1s, N1s, O1s at 284.8 eV, 399.7 eV,
and 531.3 eV for both PSPH-Pap and PSPH-Pap-Zn. In the
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FIGURE 8 | X-ray Photoelectron Spectroscopy (XPS) spectra of pumpkin seed protein hydrolysates produced by papain after hydrolysis 3 h in a 2% (w/w) enzyme to

substrate ratio (PSPH-Pap, black line) and its zinc complex (PSPH-Pap-Zn, red line).

TABLE 2 | The in vitro gastrointestinal stability of PAPH-Pap, PSPH-Try,

and ZnSO4·7H2O.

Gastric digestion stability

(%)

Gastrointestinal

digestion stability (%)

PSPH-Pap 90.06 ± 1.64c 52.99 ± 1.46c

PSPH-Try 83.23 ± 1.21b 33.23 ± 6.71b

ZnSO4·7H20 71.09 ± 2.63a 17.40 ± 5.15a

Data with different letters represent significantly different mean values with P < 0.05.

meantime, in the XPS spectra of PSPH-Pap-Zn, there is a strong
Zn2p binding energy peak at 1,021.7 eV. This result confirmed
the binding between PSPH-Pap and zinc.

In vitro Gastrointestinal Stability of PSPH
and PSPH-Zn
The binding between zinc and peptides is reversible. The
existence of acidic groups such as -OH, -COOH, -SH, and -
NOH may induce the dissociation between zinc and peptides.
The human stomach has a low pH around 0.9–1.5. Hence, it

is of prime importance to evaluate the gastric stability PSPH-
Zn. A desirable zinc chelating peptide should be relatively
resistant to the cleavage during gastric digestion, avoiding the
release of zinc to form precipitates with phytates or dietary
fiber in diets. In the small intestine, minerals such as zinc are
transported by transcellular or paracellular pathways. Some non-
specific transporters may carry anymineral presented. Hence this
transport may be affected by the presence of other metal ions.
Minerals supplemented in peptide complexes can be transported
differently without potential competition from other metal ions.
As shown in Table 2, the gastric digestion stability of PSPH-Pap-
Zn was 90.06 ± 1.64%, higher than that of PSPH-Try-Zn 83.23
± 1.21%. The stabilities of zinc after both gastric and intestinal
digestion were 52.99 ± 1.46% for PSPH-Pap-Zn, 33.23 ± 6.71%
for PSPH-Try-Zn, both higher than 17.40 ± 5.15% for zinc salts.
This may be caused by higher binding capacity of PSPH-Pap
than that of PSPH-Try, preventing zinc from dissociating from
the complex and dissolving in gastric juice. Overall, our result
showed that PSPH derived zinc chelating peptides had better
gastrointestinal stability than zinc sulfate and may be used as
potential zinc fortifier.
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CONCLUSIONS

In this study, five enzymes were used to prepare PSPHs.
The PSPHs were characterized for their molecular weight
distribution, average particle size, zeta potential, amino acid
composition, and zinc binding capacity. Representative samples
were analyzed using ATR-FTIR, SEM, and XPS to quantitatively
characterize the binding between zinc and PSPH. Our result
showed that papain may be used as an enzyme to prepare
PSPH. The obtained PSPH-Pap had the averagemolecular weight
around 3,312 Da. It has the highest zinc binding amino acid
content and showed the highest zinc binding capacity. PSPH-Pap
can retain more than 50% of zinc after in vitro gastrointestinal
digestion. This study can provide a preliminary knowledge on
the application of pumpkin seed in zinc fortification. Future
studies should focus on the purification and identification of
individual peptide that binds to zinc, while at the same time
showing excellent stability in gastrointestinal tract. Efforts should
also be made to elucidate the specific binding mode between zinc
and this particular peptide, which will enable further developing
of zinc supplements with high bioavailability.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this
article will be made available by the authors, without
undue reservation.

AUTHOR CONTRIBUTIONS

DL: conceptualization, Investigation, Methodology, Software,
Data curation, writing—original draft, writing—review &
editing. MP and MY: investigation. BJ: formal analysis, writing—
review & editing. HW: writing—review & editing. JC: project
administration, funding acquisition, writing—review & editing.
All authors contributed to the article and approved the
submitted version.

FUNDING

This study was supported by Xinjiang Production
and Construction Crop Scientific Research Project
(2019AB027).

REFERENCES

1. Prasad AS. Zinc is an antioxidant and anti-inflammatory agent: its role in
human health. Front Nutr. (2014) 1:14. doi: 10.3389/fnut.2014.00014

2. Wessels I, Rolles B, Rink L. The potential impact of zinc supplementation
on COVID-19 pathogenesis. Front Immunol. (2020) 11:1712.
doi: 10.3389/fimmu.2020.01712

3. Choi S, Liu X, Pan Z. Zinc deficiency and cellular oxidative stress: prognostic
implications in cardiovascular diseases. Acta Pharmacol Sin. (2018) 39:1120–
32. doi: 10.1038/aps.2018.25

4. Guo L, Harnedy PA, Li B, Hou H, Zhang Z, Zhao X, et al. Food protein-
derived chelating peptides: biofunctional ingredients for dietary mineral
bioavailability enhancement. Trends Food Sci Technol. (2014) 37:92–105.
doi: 10.1016/j.tifs.2014.02.007

5. Stone B, Morell MK. CHAPTER 9—Carbohydrates. In: Khan K, Shewry PR,
editors. Wheat. 4th ed. St. Paul, MN: AACC International Press (2009). p.
299–362. doi: 10.1094/9781891127557.009

6. Camara F, Amaro MA. Nutritional aspect of zinc availability. Int J Food Sci

Nutr. (2003) 54:143–51. doi: 10.1080/0963748031000084098
7. Udechukwu MC, Collins SA, Udenigwe CC. Prospects of enhancing dietary

zinc bioavailability with food-derived zinc-chelating peptides. Food Funct.

(2016) 7:4137–44. doi: 10.1039/C6FO00706F
8. Udechukwu MC, Downey B, Udenigwe CC. Influence of structural and

surface properties of whey-derived peptides on zinc-chelating capacity, and in
vitro gastric stability and bioaccessibility of the zinc-peptide complexes. Food
Chem. (2018) 240:1227–32. doi: 10.1016/j.foodchem.2017.08.063

9. Zhu K-X, Wang X-P, Guo X-N. Isolation and characterization of zinc-
chelating peptides from wheat germ protein hydrolysates. J Funct Foods.

(2015) 12:23–32. doi: 10.1016/j.jff.2014.10.030
10. Wang Q, Xiong YL. Zinc-binding behavior of hemp protein hydrolysates:

soluble versus insoluble zinc-peptide complexes. J Funct Foods. (2018) 49:105–
12. doi: 10.1016/j.jff.2018.08.019

11. Liao W, Lai T, Chen L, Fu J, Sreenivasan ST, Yu Z, et al. Synthesis
and Characterization of a Walnut Peptides-Zinc Complex and Its
Antiproliferative Activity against Human Breast Carcinoma Cells through
the Induction of Apoptosis. J Agric Food Chem. (2016) 64:1509–19.
doi: 10.1021/acs.jafc.5b04924

12. Wang C, Li B, Ao J. Separation and identification of zinc-chelating peptides
from sesame protein hydrolysate using IMAC-Zn(2)(+) and LC-MS/MS.
Food Chem. (2012) 134:1231–8. doi: 10.1016/j.foodchem.2012.02.204

13. Xie N, Huang J, Li B, Cheng J, Wang Z, Yin J, et al. Affinity purification
and characterisation of zinc chelating peptides from rapeseed protein
hydrolysates: possible contribution of characteristic amino acid residues. Food
Chem. (2015) 173:210–7. doi: 10.1016/j.foodchem.2014.10.030

14. Liu X, Wang Z, Zhang J, Song L, Li D, Wu Z, et al. Isolation and identification
of zinc-chelating peptides from sea cucumber (Stichopus japonicus) protein
hydrolysate. J Sci Food Agric. (2019) 99:6400–7. doi: 10.1002/jsfa.9919

15. Jiang L, Wang B, Li B, Wang C, Luo Y. Preparation and identification of
peptides and their zinc complexes with antimicrobial activities from silver
carp (Hypophthalmichthys molitrix) protein hydrolysates. Food Res Int.

(2014) 64:91–8. doi: 10.1016/j.foodres.2014.06.008
16. Lin Y, Tang X, Xu L, Wang S. Antibacterial properties and possible action

mechanism of chelating peptides-zinc nanocomposite against Escherichia
coli. Food Control. (2019) 106:106675. doi: 10.1016/j.foodcont.2019.06.001

17. 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) 68:2091–8. doi: 10.1021/acs.jafc.9b07602
18. Nourmohammadi E, Sadeghimahoonak A, Alami M, Ghorbani, M. Amino

acid composition and antioxidative properties of hydrolysed pumpkin
(Cucurbita pepo L.) oil cake protein. Int J Food Properties. (2017) 20:3244–55.
doi: 10.1080/10942912.2017.1283516

19. Rezig L, Chibani F, Chouaibi M, Dalgalarrondo M, Hessini K, Gueguen
J, et al. Pumpkin (Cucurbita maxima) seed proteins: sequential extraction
processing and fraction characterization. J Agric Food Chem. (2013) 61:7715–
21. doi: 10.1021/jf402323u

20. Ovca A, Van Elteren JT, Falnoga I, Šelih VS. Speciation of zinc in pumpkin
seeds (Cucurbita pepo) and degradation of its species in the human digestive
tract. Food Chem. (2011) 128:839–46. doi: 10.1016/j.foodchem.2011.03.102

21. Juranovic I, Breinhoelder P, Steffan I. Determination of trace elements in
pumpkin seed oils and pumpkin seeds by ICP-AES. J Anal Atomic Spectrom.

(2003) 18:54–8. doi: 10.1039/b209308c
22. Nielsen PM, Petersen D, Dambmann C. Improved method for determining

food protein degree of hydrolysis. J Food Sci. (2001) 66:642–6.
doi: 10.1111/j.1365-2621.2001.tb04614.x

23. Li Y, Jiang B, Zhang T, Mu W, Liu J. Antioxidant and free radical-scavenging
activities of chickpea protein hydrolysate (CPH). Food Chem. (2008) 106:444–
50. doi: 10.1016/j.foodchem.2007.04.067

24. Chen L, Shen X, Xia G. Effect of molecular weight of tilapia (oreochromis
niloticus) skin collagen peptide fractions on zinc-chelating capacity and

Frontiers in Nutrition | www.frontiersin.org 13 March 2021 | Volume 8 | Article 647782

https://doi.org/10.3389/fnut.2014.00014
https://doi.org/10.3389/fimmu.2020.01712
https://doi.org/10.1038/aps.2018.25
https://doi.org/10.1016/j.tifs.2014.02.007
https://doi.org/10.1094/9781891127557.009
https://doi.org/10.1080/0963748031000084098
https://doi.org/10.1039/C6FO00706F
https://doi.org/10.1016/j.foodchem.2017.08.063
https://doi.org/10.1016/j.jff.2014.10.030
https://doi.org/10.1016/j.jff.2018.08.019
https://doi.org/10.1021/acs.jafc.5b04924
https://doi.org/10.1016/j.foodchem.2012.02.204
https://doi.org/10.1016/j.foodchem.2014.10.030
https://doi.org/10.1002/jsfa.9919
https://doi.org/10.1016/j.foodres.2014.06.008
https://doi.org/10.1016/j.foodcont.2019.06.001
https://doi.org/10.1021/acs.jafc.9b07602
https://doi.org/10.1080/10942912.2017.1283516
https://doi.org/10.1021/jf402323u
https://doi.org/10.1016/j.foodchem.2011.03.102
https://doi.org/10.1039/b209308c
https://doi.org/10.1111/j.1365-2621.2001.tb04614.x
https://doi.org/10.1016/j.foodchem.2007.04.067
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Lu et al. Zinc-Chelating Pumpkin Seed Peptides

bioaccessibility of the zinc-peptide fractions complexes in vitro digestion.Appl
Sci. (2020) 10. doi: 10.3390/app10062041

25. Seth A, Mahoney R. Binding of iron by chicken muscle protein digests:
the size of the iron-binding peptides. J Sci Food Agric. (2000) 80:1595–600.
doi: 10.1002/1097-0010(20000901)80:11<1595::AID-JSFA684>3.0.CO;2-Y

26. Sun N, Cui P, Jin Z, Wu H, Wang Y, Lin S. Contributions of molecular size,
charge distribution, and specific amino acids to the iron-binding capacity of
sea cucumber (Stichopus japonicus) ovum hydrolysates. Food Chem. (2017)
230:627–36. doi: 10.1016/j.foodchem.2017.03.077

27. Wu W, He L, Liang Y, Yue L, Peng W, Jin G, et al. Preparation process
optimization of pig bone collagen peptide-calcium chelate using response
surface methodology and its structural characterization and stability analysis.
Food Chem. (2019) 284:80–9. doi: 10.1016/j.foodchem.2019.01.103

28. Wang L, Ding Y, Zhang X, Li Y, Wang R, Luo X, et al. Isolation of a
novel calcium-binding peptide from wheat germ protein hydrolysates and the
prediction for its mechanism of combination. Food Chem. (2018) 239:416–26.
doi: 10.1016/j.foodchem.2017.06.090

29. ChenD,MuX, HuangH, Nie R, Liu Z, ZengM. Isolation of a calcium-binding
peptide from tilapia scale protein hydrolysate and its calcium bioavailability in
rats. J Funct Foods. (2014) 6:575–84. doi: 10.1016/j.jff.2013.12.001

30. Yao M, Mcclements DJ, Xiao H. Improving oral bioavailability of
nutraceuticals by engineered nanoparticle-based delivery systems. Curr Opin
Food Sci. (2015) 2:14–9. doi: 10.1016/j.cofs.2014.12.005

31. Shah MR, Imran M, Ullah S. Chapter 5—Nanosuspensions. In: Shah MR,
Imran M, Ullah S, editors. Lipid-Based Nanocarriers for Drug Delivery and

Diagnosis. Norwich, NY: William Andrew Publishing (2017). p. 139–72.
doi: 10.1016/B978-0-323-52729-3.00005-6

32. Yamauchi O, Odani A, Takani M. Metal–amino acid chemistry. Weak
interactions and related functions of side chain groups. J Chem Soc Dalton

Trans. (2002) 3411–3421. doi: 10.1039/B202385G
33. Zhang YY, Stockmann R, Ng K, Ajlouni S. Opportunities for plant-

derived enhancers for iron, zinc, and calcium bioavailability: a review.

Compr Rev Food Sci Food Saf. (2020) 20:652–85. doi: 10.1111/1541-4337.
12669

34. Yiannikouris A, Connolly C, Power R, Lobinski R. Characterization of
metal-peptide complexes in feed supplements of essential trace elements.
Metallomics. (2009) 1:235–48. doi: 10.1039/b901406c

35. Li J, Gong C, Wang Z, Gao R, Ren J, Zhou X, et al. Oyster-derived
zinc-binding peptide modified by plastein reaction via zinc chelation
promotes the intestinal absorption of zinc. Mar Drugs. (2019) 17:341.
doi: 10.3390/md17060341

36. Wang X, Gao A, Chen Y, Zhang X, Li S, Chen Y. Preparation of cucumber seed
peptide-calcium chelate by liquid state fermentation and its characterization.
Food Chem. (2017) 229:487–94. doi: 10.1016/j.foodchem.2017.02.121

37. Zhang Z, Zhou F, Liu X, Zhao M. Particulate nanocomposite from
oyster (Crassostrea rivularis) hydrolysates via zinc chelation improves
zinc solubility and peptide activity. Food Chem. (2018) 258:269–77.
doi: 10.1016/j.foodchem.2018.03.030

38. Sun N, Wang TT, Wang D, Cui PB, Hu SJ, Jiang PF, et al. Antarctic krill
derived nonapeptide as an effective iron-binding ligand for facilitating iron
absorption via the small intestine. J Agric Food Chem. (2020) 68:11290–300.
doi: 10.1021/acs.jafc.0c03223

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Lu, Peng, Yu, Jiang, Wu and Chen. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Nutrition | www.frontiersin.org 14 March 2021 | Volume 8 | Article 647782

https://doi.org/10.3390/app10062041
https://doi.org/10.1002/1097-0010(20000901)80:11$<$1595::AID-JSFA684$>$3.0.CO
https://doi.org/10.1016/j.foodchem.2017.03.077
https://doi.org/10.1016/j.foodchem.2019.01.103
https://doi.org/10.1016/j.foodchem.2017.06.090
https://doi.org/10.1016/j.jff.2013.12.001
https://doi.org/10.1016/j.cofs.2014.12.005
https://doi.org/10.1016/B978-0-323-52729-3.00005-6
https://doi.org/10.1039/B202385G
https://doi.org/10.1111/1541-4337.12669
https://doi.org/10.1039/b901406c
https://doi.org/10.3390/md17060341
https://doi.org/10.1016/j.foodchem.2017.02.121
https://doi.org/10.1016/j.foodchem.2018.03.030
https://doi.org/10.1021/acs.jafc.0c03223
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Effect of Enzymatic Hydrolysis on the Zinc Binding Capacity and in vitro Gastrointestinal Stability of Peptides Derived From Pumpkin (Cucurbita pepo L.) Seeds
	Introduction
	Materials and Methods
	Materials
	Preparation of Samples
	Preparation of Pumpkin Seed Protein
	Preparation of Pumpkin Seed Protein Hydrolysates
	Preparation of PSPH-Zn

	Characterization of PSPH and PSPH-Zn
	Degree of Hydrolysis
	Molecular Weight Distribution
	Zeta Potential and Average Particle Diameter Analysis
	Surface Hydrophobicity
	Amino Acid Composition Analysis
	Zinc Binding Capacity
	Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)
	Morphology of PSPH and PSPH-Zn Complexes
	X-Ray Photoelectron Spectroscopy Spectra of PSPH and PSPH-Zn Complexes
	Gastrointestinal Stability of PSPH and PSPH-Zn

	Statistical Analysis

	Results
	Molecular Weight Distribution and Degree of Hydrolysis of PSPHs
	Average Particle Sizes and Zeta Potential of PSPHs
	Surface Hydrophobicity of PSPHs
	Amino Acid Composition of PSPHs
	Zinc Binding Capacity of Different PSPHs
	ATR-FTIR
	SEM
	X-Ray Photoelectron Spectroscopy Spectra of PSPH and PSPH-Zn
	In vitro Gastrointestinal Stability of PSPH and PSPH-Zn

	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	References


