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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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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.
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