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ABSTRACT: Peanuts are important oil crops and plant protein source. This study evaluated the influence of storage temperature
(15, 25, and 35 °C) and time (0, 160, and 320 days) on the protein composition and the molecular structure of peanuts through
sodium dodecyl sulfate polyacrylamide gel electrophoresis, particle size, total sulfhydryl (−SH) contents, nanostructural
characterization, surface morphology microstructure, and spatial distribution of proteins and lipid analysis. Results showed that the
basic subunits and disulfide contents of peanut protein were not affected by storage temperature and time. However, the −SH
contents decreased significantly (P < 0.05) in all samples except the 15 °C/160 day storage group. The protein particle size and
graininess increased when stored at 25 and 35 °C for 160 and 320 days, respectively; however, there was no significant change (P >
0.05) when stored at 15 °C. In addition, significant changes (P < 0.05) on the microscopic morphology and spatial distribution of
protein and lipids were observed when stored at 25 and 35 °C for 320 days.

1. INTRODUCTION

Peanuts (Arachis hypogaea) are one of the four major oil crops
and an important food commodity worldwide. Peanut lipids
supply the majority edible oil, and peanut proteins contribute
11% of the world’s protein consumption.1 Most grown peanuts
are used for oil products, peanut butter, confections, and snack
products. At present, this crop is cultivated on a large scale,
with China being the largest producer, consumer, and exporter
country in the world. According to the USDA’s March 2022
report, the peanut production of China during 2020−2021 was
18.20 million tons, which ranked first and accounted for 36%
of the world’s total yield. Peanut seeds possess a high
nutritional and commercial value because of their high fat
(44−56%) and protein (22−30%) contents,2,3 reasonable fatty
acid composition, essential amino acids, vitamins, calcium, and
phosphorus. Peanut seeds have gained importance owing to its
potential in lowering cholesterol, delaying human aging, and
preventing cancer.2

Given that peanuts could only be planted in specific regions
(mainly in Henan and Shandong provinces, accounting for
50% of the national output) and harvested in a particular

season (August to October) in China every year, peanuts are
always needed to be stored for a period of time before being
exported, processed, and consumed. Because of peanut’s high
fat contents (44−56%) and unsaturated fatty acid composition
(80%), such as oleic acid (41%), linoleic acid (37%), and
linolenic acid (0.7%), rancidification occurs easily during
storage, which affects its nutritional value and agricultural
importance.4 Therefore, studying the changes in the
physicochemical characteristics and nutritional quality of
peanuts during storage is of great significance for the efficient
use of this crop.
During storage, the physiological properties, nutritional

value, and sensory quality of peanut seeds change significantly.
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It was reported that the germination percentage and the
vitamin E content decreased, the acid value and the peroxide
value increased, and some linoleic acid was oxidized to oleic
acid after 10 months’ storage at air-low temperatures.5 Storage
time had a negative effect on seed quality parameters such as
the oil content and lipid components, including fatty acids, α-
tocopherol, and δ-tocopherol.6 High storage temperatures lead
to a high degree of lipid oxidation and nutrient loss.7 When
peanuts are stored in a normal atmosphere, 3-methylpyridine
and 2,5-dimethylpyrazine decreased with storage time, which
exhibited the highest increase in oxidized flavor and short shelf
life (180 days).8

Peanut protein, the second nutrient component of peanut
seeds, will be oxidized during storage. Meanwhile, the
functional properties of peanut proteins changed significantly
over the storage process. For example, the secondary structure,
free sulfhydryl content, and functional properties of peanut
proteins changed significantly, and protein aggregation
occurred during storage.9 However, research focused on the
structure change of peanuts protein during storage is limited.
However, changes in the protein structure and function during
storage have been reported in other materials. Ziegler et al.10

found that the extraction yields and functional and bioactive
properties of soybean proteins changed significantly after
storage at 32 °C for 12 months. The crude protein content of
ginkgo nuts was generally increased while an opposite trend
was observed for the concentration of total amino acids after
storage for 5 months.11 Some other research has been
conducted on fillets and beef proteins, and it has demonstrated
that the degree protein oxidation and degradation increased as
the storage time increased.12−14 In short, the natural structure
of proteins of various food materials changed significantly
during storage, which led to the decrease in functional and
nutritional properties. Actually, the active groups or oxidation
products produced by lipid oxidation might interact with
proteins and lead to protein decomposition or polymerization,
which might damage the natural structure of proteins and even
in turn affect their functional properties and nutritional value
during storage.15−17 However, only a few studies have focused
on this aspect. It remained unclear at peanut protein
oxidization and changing of their internal structures during
storage. Therefore, the current work aimed at evaluating the
changes in the composition and structure of peanut proteins
under different storage conditions and provided theoretical
basis for the actual production and storage of peanuts.

2. RESULTS AND DISCUSSION
2.1. Sodium Dodecyl Sulfate-Polyacrylamide Gel

Electrophoresis. Figure 1 shows the results of sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) of peanut proteins under different storage conditions.
Figure 1A indicates reductive SDS-PAGE analysis, and Figure
1B represents nonreductive SDS-PAGE analysis. As shown in
Figure 1A, the peanut protein mainly contains four basic
subunits (60, 40.5, 37.5, and 19.5 kDa), all of which did not
change significantly (P < 0.05) during storage. Compared with
Figure 1A, more high molecular bands and less low molecular
bands were found, as shown in Figure 1B, indicating that a
large number of disulfide bonds existed in peanuts. As shown
in Figure 1B, no significant changes occurred in the disulfide
bond contents of peanut protein during storage. Therefore, the
basic subunits of peanut protein were not affected during
storage, and the disulfide bonds in the peanut protein were

stable and could not be broken. However, some studies have
different results. Michalczyk and Suroẃka18 stored a rainbow
trout oval protein under 3 and 30 °C to observe the changes in
the protein structure. SDS-PAGE analysis showed a significant
decrease in the strength of troponin bands and a significant
increase in the strength of alpha-mycoplasma myosin and
myosin protein bands. In addition, the two bands of 255 and
135 kDa disappeared, and new bands with molecular weights
of 163 and 117 kDa appeared after storage. Ceo et al.19 stored
small molecule peptides at 20 °C and found the gradual
formation of some polymer peptides with the prolonged
storage as revealed by SDS-PAGE. The different results in this
research might be due to the different materials and storage
conditions.

2.2. Total −SH of Peanut Proteins. Figure 2 indicates the
change in total −SH contents in peanut proteins stored at
different temperatures (15, 25, and 35 °C). As shown in the
graph, the contents of free −SH in peanut proteins decreased
significantly (P < 0.05) with the increase in storage time and
temperature. Compared with the initial −SH content value,
significant decline occurred in all groups except 15 °C/160
days. In particular, the contents of total −SH in peanut
proteins decreased from 8.140 to 6.707 μmol/g after being
stored at 35 °C for 320 days. This finding indicated that the
natural structure of the peanut protein was destroyed during
storage; hence, the exposed internal −SH might be oxidized
and lead to the decline in total −SH contents. In food systems,
−SH were easily converted to disulfide bonds, sulfonic acids,
and sulfinic acids in an oxidizing environment.16,17,20 However,
Figure 1 shows that the disulfide bond contents were not
significantly altered by storage, providing that most of the
oxidized −SHs were not generated to disulfide bonds, but

Figure 1. Reductive and nonreductive SDS-PAGE analysis of peanut
proteins. A represents the reductive SDS-PAGE of peanut proteins,
and B represents the nonreductive SDS-PAGE of peanut proteins.
Lane M: protein molecular weight markers (kDa). Lanes 1 to 7
represent 0 d, 160 d/15 °C, 160 d/25 °C, 160 d/35 °C, 320 d/15 °C,
320 d/25 °C, and 320 d/35 °C, respectively.
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might generate to oxidation products such as sulfonic acid and
sulfinic acid. The results are in agreement with previous
studies. Lund et al.16 stored meat under 4 °C for 14 days and
observed the structural changes in pork protein and a
significant decrease in the content of mercaptan in pork
protein. Potes et al.17 mixed the whey protein separator and oil
and then stored them at 20 and 40 °C and found that
sulfhydryl contents in whey isolate protein decreased gradually
during storage, accompanied by protein aggregation. Benjakul
et al.20 reported a decrease in the free sulfhydryl content of
yellowfish, lizard fish, fin bream, and large-eyed snapper
protein after being stored at 18 °C for 24 weeks.
2.3. Particle Size and Nanostructural Character-

ization Analysis of Peanut Protein. Figure 3 shows the
particle size and distribution of peanut proteins during a 320
day storage period under different temperatures. As shown in
Figure 3A, the particle size of all samples significantly (P <
0.05) increased with prolonged storage time and increased
temperature. At the end of the storage period (320 days), the
particle sizes of peanut proteins stored at 15, 25, and 35 °C

were 5.8, 16.1, and 21.9%, respectively, which were higher than
that of the control. As shown in Figure 3B, the protein particle
size of the nonstored exhibited two peaks at 10−100 and 100−
1000 nm, respectively. Interestingly, a new intensity peak at
1000−10,000 nm was found at the end of the storage period
(320 days) at 35 °C. Therefore, long-term (160 and 320 days)
and high-temperature storage (25 and 35 °C) significantly
affected the natural structure of peanut protein and may lead to
produce large protein particles at the end of storage.21,22 For
further verification, atomic force microscopy (AFM) was used
to analyze the nanostructure of peanut protein. The results are
shown in Figure 4. Similarly, the graininess of peanut protein
increased significantly at 320 days under 35 °C (Figure 4D).
However, the graininess did not change significantly under 15
and 25 °C.

Figure 2. Effect of storage temperature and time on sulfhydryl
contents of peanut. Each data column represents the mean of three
replications. Vertical bars represent the standard errors of means.
Values of each peanut cultivar followed by the same letter are not
significantly different (P > 0.05).

Figure 3. Changes in the particle size of peanuts as a function of storage. (A) Average particle size and (B) the particle size distribution of peanut
proteins under storage. Results are expressed as the mean of three replications ± SD. Values of each peanut cultivar followed by the same letter are
not significantly different (P > 0.05).

Figure 4. Changes in the nanostructure of peanut proteins under
different storage conditions. A−D represent control, 320 d/15 °C,
320 d/25 °C, and 320 d/35 °C, respectively.
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In conclusion, peanut protein aggregation occurred and
formed larger particles after storage at 25 and 35 °C for a long

time (160 and 320 days). Two main reasons might account for
the phenomenon. On the other hand, the free −SH groups

Figure 5. Surface microscopic morphology of peanut protein during storage. Figures A−G represent 0 d, 160 d/15 °C, 160 d/25 °C, 160 d/35 °C,
320 d/15 °C, 320 d/25 °C, and 320 d/35 °C, respectively.

Figure 6. Changes in the spatial distribution of proteins and lipids under different storage conditions. Figures A−G represent 0 d, 160 d/15 °C, 160
d/25 °C, 160 d/35 °C, 320 d/15 °C, 320 d/25 °C, and 320 d/35 °C, respectively.
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inside the peanut protein easily oxidize to form disulfide bonds
or other sulfonic acid during storage. These substances destroy
the protein natural structure and increase the internal repulsion
of the protein, which in turn causes the structure to stretch in a
certain direction.9 On the other hand, peanut protein is
affected by lipid oxidation products and polymerized with
small molecules or macromolecules such as lipids and sugars to
form macromolecular protein polymers, resulting in a large
particle size.23,24 Badii and Howell15 explored the structural
changes of muscle proteins during frozen storage and found
that fish protein was significantly denatured after storage as
manifested by the expansion of muscle protein molecules and
the formation of macromolecular aggregates connected by
noncovalent bonds and covalent bonds. Potes et al.17 stored
whey protein isolates and oils at 20 and 40 °C and found the
formation of large molecular proteins.
2.4. Peanut Protein Surface Microscopic Morphology.

Scanning electron microscopy was used to investigate changes
in the surface microscopic morphology of peanut protein, and
the results are shown in Figure 5. Initially, the fraction of
peanut protein presented a complete and smooth flake
structure (Figure 5A) that is continuous and compact. When
stored at 15 and 25 °C, the surface microscopic morphology of
the protein did not change significantly after 320 days.
However, a significant difference was observed during storage
at 35 °C for 320 days. The surface morphology was no longer a
complete smooth flake structure but presented a loose and
nonsmooth stripe form with more tiny pores in the middle of
the protein structure.
These results showed that a long period of storage at high

temperature (35 °C) seriously destroyed the complete and
smooth surface morphology of peanut protein. The changes in
the protein surface structure could be attributed to the
oxidative degeneration of proteins.25

2.5. Spatial Distribution of Proteins and Lipids in
Peanut Cells. Figure 6 indicates the spatial distribution of
proteins and lipids in peanut cells under different storage
conditions. The red particles in the picture represent lipids,
green particles represent proteins, and yellow particles
represent the part of protein and lipid overlapped.26 As
shown in the graph, the proteins were dispersed in peanut cells
in a granular form, and the lipids presented in a continuous
flake form. Before storage, the green particles in peanut cells
could be clearly observed, and the red part was inlaid in the
middle of green particles, indicating that the proteins and lipids
were relatively independent of each other. No significant
change was observed in the microscopic morphology and
spatial distribution during storage at 15 °C for 160 and 320
days, 25 °C for 160 days, and 35 °C for 160 days. However, a
significant change in the microscopic morphology and spatial
distribution was observed when stored at 25 and 35 °C for 320
days. In particular, the green protein particles gradually
disappeared and formed a continuous polymer. Most of the
fluorescent red lipids disappeared and might have been
covered by large protein aggregates.27 A possible reason is
that the cell walls of peanuts have been destroyed during
storage under high temperature (35 °C), leading to the outflow
and interaction of proteins and lipid components during
storage.28,29 These findings suggested that the natural peanut
lipid and protein were destroyed after storage under the
temperature of 25 and 35 °C, but 15 °C was suitable for
peanut storage.

3. CONCLUSIONS
Storage temperature and time significantly affected the natural
structure of peanut proteins. When stored at 15 °C for 320
days, the particle size, surface morphology, spatial morphology,
and distribution of peanut proteins showed no significant
changes, but only the −SH content decreased significantly. As
for high temperatures (25 and 35 °C), the −SH content,
particle size, surface morphology, spatial morphology, and
distribution of peanut proteins changed significantly after
storing for 160 and 320 days, and the greatest impacts on
protein structural properties were found at 35 °C. Therefore,
the conditions of 15 °C within 160 days were recommended
for peanut storage. This work will provide a theoretical basis
for the actual production and storage of peanuts.

4. EXPERIMENTAL PROCEDURE
4.1. Materials. Newly harvested peanuts YuHua-9326

(YH-9326) were purchased from the Henan Academy of
Agricultural Sciences, China. Samples were shelled and stored
at −20 °C for further treatment.

4.2. Experimental Design. For storage, peanut seeds were
grouped into three equal portions (250 g in each and wrapped
in cloth bags) placed individually in a controlled temperature
incubator of 15, 25, and 35 °C with a humidity of 70%. These
samples were collected for further analysis after 0, 160, and 320
days of storage.

4.3. Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis. SDS-PAGE was performed using the
method of Zhang et al.30 with slight modifications. Two
different experiments, namely, reductive and nonreductive
SDS-PAGE, were conducted. Peanut protein powder was
diluted with phosphate buffer, heated in boiling water for 5
min, and centrifuged for 20 min (10,000 g). The obtained
supernatant (10 μL) was loaded into each electrophoresis well.
SDS-PAGE was performed with a vertical system at a constant
current of 20 mA in the concentrated glue and 40 mA in the
separation glue. Upon completion, the glue was removed, fixed
for 1 h, dyed for 2 h, and discolored to the background clear.
The standard protein molecular weight (MW) ranges 14.4−
97.4 kDa.

4.4. Total Sulfhydryl (−SH). Sulfhydryl (−SH) contents
were determined according to the method of Beveridge et al.31

Peanut proteins were added to 30 mL of Tris-glycine buffer
(containing 0.086 M Tris, 0.09 M glycine, 4 m EDTA, pH 8.0)
in a blender containing 8 M urea, stirred for 1 h, and
centrifuged for 10 min (10,000 g). The supernatant was mixed
with 160 μL of Ellman’s reagent (4 mg/mL) and left in the
dark for 15 min. Absorbance was measured at 412 nm using a
spectrophotometer (722 s, Instruments and Electronics
Associates, Shanghai, China). Total free −SH were calculated
as follows:

μ =
×

MSH/g
73.53 A

C
412

4.5. Particle Size. The protein particle size of peanuts was
determined using the method of Anema et al.32 The peanut
proteins were dissolved in phosphate buffer to an appropriate
concentration (2%), stirred for 1 h at room temperature, and
concentrated for 15 min (10,000 g). The supernatant was
collected for determination. Particle size distribution and the
average particle size sere analyzed using a Malvern static light
scattering instrument (ZS 90, Malvern Company, USA).
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Related spectral analysis was performed using Malvern
Zetasizer software.
4.6. Atomic Force Microscopy. The peanut protein

nanostructure was examined using a nanoscope AFM (Digital
Instruments, Santa Barbara, CA, USA) under tapping mode in
a glovebox with 30−40% of relative humidity and 25 °C, as
described by Xin et al.33 The samples were controlled to an
appropriate concentration (10−15 μg/mL) and pipetted (10
μL) on freshly cleaved mica sheets. The solution on the mica
was dried in air at room temperature and then located to the
sample stage. The tapping mode function for AFM imaging
was performed using a Si3N4 cantilever with a resolution of 0.1
nm in vertical and 1−2 nm in horizontal positions. The particle
characteristics of peanut protein such as graininess, diameter,
and circumference were examined using the AFM software.
4.7. Scanning Electron Microscopy. The surface micro-

structure of the peanut protein was observed using a SEM
microscope.34 Briefly, a small amount of peanut protein
powder was placed on a microscope slide on the sample table
for observation.
4.8. Confocal Laser Scanning Microscopy. Confocal

laser scanning microscopy (CLSM) is widely used for food
microstructure analysis. In this experiment, the state and the
relative position of protein and fat in cells were observed by
CLSM during storage.35 The peanut seeds were soaked in
deionized water for 2 h and then cut into slices (10−15 μm)
used a frozen slicer. The flakes were placed on a transparent
slide and dropped for 20 min with Nile red (0.1%) and
fluorescein isothiocyanate (FITC) (0.02%). Finally, the
presence and the relative position of proteins and lipids in
peanut cells were observed using a laser cofocusing system.
4.9. Statistical Analysis. Values were expressed as means

± standard deviations, and measurements were obtained in
triplicate. Significant difference was determined at the P < 0.05
level for Duncan’s multiple range test by SPSS software
(version 20.0).
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(6) Canavar, Ö. The influence of storage time on fatty acid,
tocopherol and seed quality of peanut. Qual. Assur. Saf. Crops Foods
2014, 7, 165−174.
(7) Martín, M. P.; Asensio, C. M.; Nepote, V.; Grosso, N. R.
Improving quality preservation of raw peanuts stored under different
conditions during a long-term storage. Eur. J. Lipid Sci. Technol. 2018,
120, No. 1800150.
(8) Martín, M. P.; Riveros, C. G.; Paredes, A. J.; Allemandi, D.;
Nepote, V.; Grosso, N. R. A Natural Peanut Edible Coating Enhances
the Chemical and Sensory Stability of Roasted Peanuts. J. Food Sci.
2019, 84, 1537.
(9) Sun, X.; Jin, H.; Li, Y.; Feng, H.; Liu, C.; Xu, J. The molecular
properties of peanut protein: impact of temperature, relative humidity
and vacuum packaging during storage. Molecules 2018, 23, 2618.
(10) Ziegler, V.; Ferreira, C. D.; Hoffmann, J. F.; de Oliveira, M.;
Elias, M. C. Effects of moisture and temperature during grain storage
on the functional properties and isoflavone profile of soy protein
concentrate soy protein concentrate stored under different conditions.
Food Chem. 2017, 242, 37−44.
(11) Zhou, M.; Hua, T.; Ma, X.; Sun, H. Changes in crude protein
content and amino acids profile in Ginkgo biloba nuts during storage.
Int. J. Food Prop. 2020, 23, 497−505.
(12) Zhang, X.; Huang, W.; Xie, J. Effect of different packaging
methods on protein oxidation and degradation of grouper
(Epinephelus coioides) during refrigerated storage. Foods 2019, 8, 325.
(13) Holman, B. W. B.; Coombs, C. E. O.; Morris, S.; Kerr, M. J.;
Hopkins, D. L. Effect of long term chilled (up to 5weeks) then frozen
(up to 12months) storage at two different sub-zero holding
temperatures on beef: 3. Protein structure degradation and a marker
of protein oxidation. Meat Sci. 2018, 139, 171−178.
(14) Qian, S.; Li, X.; Wang, H.; Mehmood, W.; Zhang, C.; Blecker,
C. Effects of frozen storage temperature and duration on changes in
physicochemical properties of beef myofibrillar protein. J. Food Qual.
2021, 2021, No. 8836749.
(15) Badii, F.; Howell, N. K. Changes in the texture and structure of
cod and haddock fillets during frozen storage. Food Hydrocolloids
2002, 16, 313−319.
(16) Lund, M. N.; Lametsch, R.; Hviid, M. S.; Jensen, O. N.;
Skibsted, L. H. High-oxygen packaging atmosphere influences protein
oxidation and tenderness of porcine longissimus dorsi during chill
storage. Meat Sci. 2007, 77, 295−303.
(17) Potes, N.; Kerry, J. P.; Roos, Y. H. Oil as reaction medium for
glycation, oxidation, denaturation, and aggregation of whey protein
systems of low water activity. J. Agric. Food Chem. 2013, 61, 3748−
3756.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01680
ACS Omega 2022, 7, 21694−21700

21699

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kunlun+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7701-0459
https://orcid.org/0000-0001-7701-0459
mailto:knlnliu@126.com
mailto:knlnliu@126.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:zhaoyanss10@126.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01680?ref=pdf
https://doi.org/10.3390/ijms130910935
https://doi.org/10.3390/ijms130910935
https://doi.org/10.3390/ijms130910935
https://doi.org/10.1080/19476337.2014.971345
https://doi.org/10.1080/19476337.2014.971345
https://doi.org/10.1080/19476337.2014.971345
https://doi.org/10.1111/j.1750-3841.2008.00972.x
https://doi.org/10.1111/j.1750-3841.2008.00972.x
https://doi.org/10.1111/j.1750-3841.2008.00972.x
https://doi.org/10.1111/j.1750-3841.2008.00972.x
https://doi.org/10.5650/jos.ess21146
https://doi.org/10.5650/jos.ess21146
https://doi.org/10.3920/QAS2013.0276
https://doi.org/10.3920/QAS2013.0276
https://doi.org/10.1002/ejlt.201800150
https://doi.org/10.1002/ejlt.201800150
https://doi.org/10.1111/1750-3841.14644
https://doi.org/10.1111/1750-3841.14644
https://doi.org/10.3390/molecules23102618
https://doi.org/10.3390/molecules23102618
https://doi.org/10.3390/molecules23102618
https://doi.org/10.1016/j.foodchem.2017.09.034
https://doi.org/10.1016/j.foodchem.2017.09.034
https://doi.org/10.1016/j.foodchem.2017.09.034
https://doi.org/10.1080/10942912.2020.1737936
https://doi.org/10.1080/10942912.2020.1737936
https://doi.org/10.3390/foods8080325
https://doi.org/10.3390/foods8080325
https://doi.org/10.3390/foods8080325
https://doi.org/10.1016/j.meatsci.2018.01.028
https://doi.org/10.1016/j.meatsci.2018.01.028
https://doi.org/10.1016/j.meatsci.2018.01.028
https://doi.org/10.1016/j.meatsci.2018.01.028
https://doi.org/10.1155/2021/8836749
https://doi.org/10.1155/2021/8836749
https://doi.org/10.1016/S0268-005X(01)00104-7
https://doi.org/10.1016/S0268-005X(01)00104-7
https://doi.org/10.1016/j.meatsci.2007.03.016
https://doi.org/10.1016/j.meatsci.2007.03.016
https://doi.org/10.1016/j.meatsci.2007.03.016
https://doi.org/10.1021/jf400277z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf400277z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf400277z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(18) Michalczyk, M.; Surówka, K. Changes in protein fractions of
rainbow trout (Oncorhynchus mykiss) gravads during production and
storage. Food Chem. 2007, 104, 1006−1013.
(19) Coombs, C. E. O.; Holman, B. W. B.; Collins, D.; Kerr, M. J.;
Friend, M. A.; Hopkins, D. L. Effects of chilled-then-frozen storage
(up to 52weeks) on an indicator of protein oxidation and indices of
protein degradation in lamb M. longissimus lumborum. Meat Sci. 2018,
135, 134−141.
(20) Benjakul, S.; Visessanguan, W.; Thongkaew, C.; Tanaka, M.
Comparative study on physicochemical changes of muscle proteins
from some tropical fish during frozen storage. Food Res. Int. 2003, 36,
787−795.
(21) Du, X.; Li, H.; Pan, N.; Wan, W.; Sun, F.; Xia, X.; Shao, M.;
Wang, C. Effectiveness of ice structuring protein on the myofibrillar
protein from mirror carp (Cyprinus carpio L.) during cryopreservation:
reduction of aggregation and improvement of emulsifying properties.
Int. J. Refrig. 2021, 133, 1−8.
(22) Qian, X.; Gu, Y.; Sun, B.; Wang, X. Changes of aggregation and
structural properties of heat-denatured gluten proteins in fast-frozen
steamed bread during frozen storage. Food Chem. 2021, 365,
No. 130492.
(23) Britten, M.; Giroux, H. J. Acid-induced gelation of whey protein
polymers: effects of pH and calcium concentration during polymer-
ization. Food Hydrocolloids 2001, 15, 609−617.
(24) Kim, Y. H. B.; Bødker, S.; Rosenvold, K. Influence of lamb age
and high-oxygen modified atmosphere packaging on protein polymer-
ization of long-term aged lamb loins. Food Chem. 2012, 135, 122−
126.
(25) Fyfe, K. N.; Kravchuk, O.; Le, T.; Deeth, H. C.; Nguyen, A. V.;
Bhandari, B. Storage induced changes to high protein powders:
influence on surface properties and solubility. J. Sci. Food Agric. 2011,
91, 2566−2575.
(26) Yang, D.; Wu, G.; Lu, Y.; Li, P.; Qi, X.; Zhang, H.; Wang, X.;
Jin, Q. Comparative analysis of the effects of novel electric field frying
and conventional frying on the quality of frying oil and oil absorption
of fried shrimps. Food Control 2021, 128, No. 108195.
(27) Wang, Z.; He, Z.; Gan, X.; Li, H. Interrelationship among
ferrous myoglobin, lipid and protein oxidations in rabbit meat during
refrigerated and superchilled storage. Meat Sci. 2018, 146, 131−139.
(28) Auty, M. A. E.; Twomey, M.; Guinee, T. P.; Mulvihill, D. M.
Development and application of confocal scanning laser microscopy
methods for studying the distribution of fat and protein in selected
food products. J. Dairy Res. 2001, 68, 417−427.
(29) Hematyar, N.; Rustad, T.; Sampels, S.; Dalsgaard, T. K.
Relationship between lipid and protein oxidation in fish. Aquacult. Res.
2019, 50, 1393−1403.
(30) Zheng, L.; Zhao, Y.; Xiao, C.; Sun-Waterhouse, D.; Zhao, M.;
Su, G. Mechanism of the discrepancy in the enzymatic hydrolysis
efficiency between defatted peanut flour and peanut protein isolate by
Flavorzyme. Food Chem. 2015, 168, 100−106.
(31) Beveridge, T.; Toma, S. J.; Nakai, S. Determination of SH- and
SS-groups in some food proteins using Ellman’s reagent. J. Food Sci.
1974, 39, 49−51.
(32) Anema, S. G.; Lowe, E. K.; Stockmann, R. Particle size changes
in casein solubilisation in high-pressure-treated skim milk. Food
Hydrocolloids 2005, 19, 257−267.
(33) Xin, Y.; Chen, F.; Lai, S.; Yang, H. Influence of chitosan-based
coatings on the physicochemical properties and pectin nanostructure
of Chinese cherry. Postharvest Biol. Technol. 2017, 133, 64−71.
(34) Walther, P.; Müller, M. Double-layer coating for field-emission
cryo-scanning electron microscopy-present state and applications.
Scanning 2010, 19, 343−348.
(35) Tromp, R. H.; Velde, F. d.; Riel, J.; Paques, M. Confocal
scanning light microscopy (CSLM) on mixture of gelatin and
polysaccharides. Food Res. Int. 2001, 34, 931−938.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01680
ACS Omega 2022, 7, 21694−21700

21700

https://doi.org/10.1016/j.foodchem.2007.01.007
https://doi.org/10.1016/j.foodchem.2007.01.007
https://doi.org/10.1016/j.foodchem.2007.01.007
https://doi.org/10.1016/j.meatsci.2017.09.013
https://doi.org/10.1016/j.meatsci.2017.09.013
https://doi.org/10.1016/j.meatsci.2017.09.013
https://doi.org/10.1016/S0963-9969(03)00073-5
https://doi.org/10.1016/S0963-9969(03)00073-5
https://doi.org/10.1016/j.ijrefrig.2021.10.003
https://doi.org/10.1016/j.ijrefrig.2021.10.003
https://doi.org/10.1016/j.ijrefrig.2021.10.003
https://doi.org/10.1016/j.foodchem.2021.130492
https://doi.org/10.1016/j.foodchem.2021.130492
https://doi.org/10.1016/j.foodchem.2021.130492
https://doi.org/10.1016/S0268-005X(01)00049-2
https://doi.org/10.1016/S0268-005X(01)00049-2
https://doi.org/10.1016/S0268-005X(01)00049-2
https://doi.org/10.1016/j.foodchem.2012.04.109
https://doi.org/10.1016/j.foodchem.2012.04.109
https://doi.org/10.1016/j.foodchem.2012.04.109
https://doi.org/10.1002/jsfa.4461
https://doi.org/10.1002/jsfa.4461
https://doi.org/10.1016/j.foodcont.2021.108195
https://doi.org/10.1016/j.foodcont.2021.108195
https://doi.org/10.1016/j.foodcont.2021.108195
https://doi.org/10.1016/j.meatsci.2018.08.006
https://doi.org/10.1016/j.meatsci.2018.08.006
https://doi.org/10.1016/j.meatsci.2018.08.006
https://doi.org/10.1017/s0022029901004873
https://doi.org/10.1017/s0022029901004873
https://doi.org/10.1017/s0022029901004873
https://doi.org/10.1111/are.14012
https://doi.org/10.1016/j.foodchem.2014.07.037
https://doi.org/10.1016/j.foodchem.2014.07.037
https://doi.org/10.1016/j.foodchem.2014.07.037
https://doi.org/10.1111/j.1365-2621.1974.tb00984.x
https://doi.org/10.1111/j.1365-2621.1974.tb00984.x
https://doi.org/10.1016/j.foodhyd.2004.04.025
https://doi.org/10.1016/j.foodhyd.2004.04.025
https://doi.org/10.1016/j.postharvbio.2017.06.010
https://doi.org/10.1016/j.postharvbio.2017.06.010
https://doi.org/10.1016/j.postharvbio.2017.06.010
https://doi.org/10.1002/sca.4950190501
https://doi.org/10.1002/sca.4950190501
https://doi.org/10.1016/S0963-9969(01)00117-X
https://doi.org/10.1016/S0963-9969(01)00117-X
https://doi.org/10.1016/S0963-9969(01)00117-X
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

