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The effect of cysteine concentration on the viscosity of soy protein isolate (SPI)-based film-forming solution (FFS)
and physicochemical properties of SPI films was investigated. The apparent viscosity of FFS decreased after
adding 1 mmol/L cysteine but did not change after adding 2-8 mmol/L cysteine. After treatment with 1 mmol/L
cysteine, the film solubility decreased from 70.40% to 57.60%, but the other physical properties did not change.
The water vapor permeability and contact angle of SPI films increased as cysteine concentration increased from

4 mmol/L to 8 mmol/L, whereas the film elongation at break decreased. Based on scanning electron microscopy
and X-ray diffraction results, cysteine crystallization could be aggregated on the surface of SPI films treated with
4 or 8 mmol/L cysteine. In conclusion, pretreatment with approximately 2 mmol/L cysteine could reduce the
viscosity of SPI-based FFS, but did not change the physicochemical properties of SPI films.

1. Introduction

The edible films prepared with natural biomaterials have gained
global attention, because environmental pollution can be caused by the
plastic waste of food packaging (Omar-Aziz et al., 2021). Soy protein
isolate (SPI) has cheap and excellent film-forming capacity, and this
material is expected to be industrialized as edible film material (Hu
et al., 2022). The feasibility of industrial production with SPI films by
using tape casting has been reported (Ortiz, de Moraes, Vicente, Laur-
indo, & Mauri, 2017). However, the long drying time limits the indus-
trial production of tape casting for the preparation of edible films,
because a large amount of water in the flowing film-forming solution
(FFS) needs to evaporate during drying (Jeevahan et al., 2020). There-
fore, improving the drying efficiency has become a key link in the in-
dustrial production of edible films by tape casting.

High solid concentration in the FFS induces shortened drying time
and improves the drying rate. However, the viscosity of protein solution
depends on the concentration and molecular weight of protein (Hong,
Iwashita, & Shiraki, 2018; Xu, Han, Shi, Gao, & Li, 2020). Under high
concentration, some proteins may not be dispersed and dissolved
because of the high viscosity of protein dispersion solution (O’Flynn,
Hogan, Daly, O’Mahony, & McCarthy, 2021). Thus, reducing the solu-
tion viscosity is a favorable approach to increase the solid concentration

in the FFS, which can provide support for improving the drying rate. It
was reported that the viscosity of protein solution was more effective to
reduce by controlling the protein aggregation compared with the control
of protein structure (Hong et al., 2018). Reducing agents can reduce the
viscosity of protein solution (Qi, Li, Wang, & Sun, 2013), except via
physical means such as heating and high-pressure homogenization
(O’Flynn et al., 2021; Song, Zhou, Fu, Chen, & Wu, 2013). The viscosity
of wheat flour solutions remarkably decreases after adding cysteine
(Lambert & Kokini, 2001).

Cysteine can cleave the disulfide bonds of proteins because of the
reducing properties of sulfhydryl groups (Xu & Yang, 2014). Cysteine
can promote the formation of interchain disulfide bonds by the thiol/
disulfide exchanges of protein molecules (Yang, Qian, Jiang, & Hou,
2021), thus improving the strength of whey-protein-based gels (Lav-
oisier, Vilgis, & Aguilera, 2019). The mechanical properties of SPI-
gluten composite films were improved by 1% (w/w) cysteine at pH 7.0
because of the increased disulfide bonds (Were, Hettiarachchy, &
Coleman, 1999). The elongation at break (EAB) of gelatin films
increased with increasing cysteine concentration from 0.01% to 0.02%,
but the tensile strength (TS) decreased with increasing cysteine con-
centration up to 0.04% (w/w) or more (Yu, Wang, & Yu, 2021).
Although the physicochemical properties of protein films could be
affected by cysteine, the effect of cysteine concentration on the
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properties of SPI films has not been reported.

The addition of cysteine can not only reduce the viscosity of SPI-
based FFS, but also potentially improves the physicochemical proper-
ties of the SPI films. Therefore, the present study aimed to elucidate the
effect of cysteine on the viscosity of SPI-based FFS and determine the
physicochemical properties of resulting films. First, the correlation be-
tween the protein molecular weight and the viscosity of FFS based on SPI
induced by cysteine was investigated. Then, the effect cysteine con-
centration on the physical properties of SPI films was clarified by
analyzing the changes in protein interactions that maintain the protein
film network structure. This study can reveal the influence mechanism
of cysteine on SPI film formation from the perspective of reducing the
viscosity of the FFS, providing the theoretical basis for the high-
efficiency drying process of SPI films.

2. Materials and methods
2.1. Materials

SPI was obtained from Linyi Shansong Biological Products Co., Ltd.
(Linyi, China). Cysteine and p-mercaptoethanol (-ME) were obtained
from Macklin Biochemical Co., Ltd. (Shanghai, China). Glycerol was
obtained from Xilong Scientific Co., Ltd. (Shantou, China).

2.2. Preparation of film-forming solution and films.

SPI-based FFS was prepared by dissolving 6% (w/v) of SPI and 20%
(w/w) of glycerol in distilled water containing cysteine concentrations of
0, 1, 2, 4, and 8 mmol/L. FFS was heated at 90 °C for 60 min in a water
bath and defoamed before being cast in a rimmed silicon resin plate.
Then, the plates with FFS were dried in a chamber (PSX-330H, Laifu
Technology Co., Ltd., China) at a temperature of 25 + 0.5 °C and hu-
midity of 50% =+ 5% for 24 h. The SPI films were peeled and equilibrated
in the same chamber for 48 h before analysis.

2.3. Characterization of film-forming solution

2.3.1. Viscosity

The viscosity of FFS was measured using a DH-2 rheometer (TA In-
struments, New Castle, USA) with a parallel plate (40 mm diameter and
1 mm gap) over a shear rate range of 1-1,000 s~ 1.

2.3.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-PAGE was conducted as reported by Fang et al. (2021) by using
4% stacking gel and 10% resolving gel. After electrophoresis, the gel was
stained with Coomassie Brilliant Blue R-250 dissolved in 5% methanol
and 10% acetic acid (v/v), and then decolorized using a mixture of 30%
methanol and 10% acetic acid (v/v). The electrophoretic samples of
films were prepared by solubilizing SPI-based films in the solution
containing 2% (w/w) SDS, 8 mol/L urea, and 20 mmol/L Tris-HCI (pH
8.8).

2.4. Characterization of SPI films

2.4.1. Mechanical properties

TS and EAB were measured using a texture analyzer (TA-XT Plus,
Stable Micro System, UK), as reported by Hu et al. (2022). Before the
analysis, the thickness of the film sample was recorded using a digital
thickness gauge micrometer. The initial spacing for stretching was 30
mm, and the speed was set to 1 mm/s. The TS and EAB of the films were
calculated according to formulas (1) and (2), respectively, as follows:

TS <MPa> = F; (@]
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EAB (%) :% x 100 (2)

where Fp is the max force (N) required to pull the films, S is the area
obtained by multiplying the thickness and width (mm?), E is the length
(mm) of the films at breaking, and 30 is the initial length (mm) of the
films.

2.4.2. Water vapor permeability (WVP)

The measurement of WVP of films was performed as described by Hu
et al. (2022). The plastic bottles with a neck diameter of 2.2 cm were
filled with dried silicone (0% relative humidity) and sealed hermetically
with films. Then, they were placed in a desiccator permeated with
distilled water at a temperature of 30 °C (100% relative humidity). The
weight of the bottles was recorded once an hour for nine times. The WVP
was calculated as the previous report (Hu et al., 2021).

2.4.3. Optical properties

The L*, a*, and b* values of films were determined using a color-
imeter (WSC-S; Shanghai Precision & Scientific Instrument Co., China).
The color parameters of films were measured on a whiteboard with the
values of L* (91.86), a* (—0.88), and b* (1.42).

The transparency of film sample was examined using a UV-visible
spectrophotometer (UV-8000A; Shanghai Yuanxi Instrument Co., China)
at the absorbance of 600 nm as described by Hu et al. (2022). The
transparency values were calculated as the previous report (Hu et al.,
2022).

2.4.4. Film solubility

The solubility of films was determined as described by Hu et al.
(2021). The films were cut into identical squares (20 mm x 20 mm) and
weighted before soaking in a bottle with 10 mL of distilled water. Then,
the bottles were shaken in a water bath at 30 °C for 24 h. The solid-
-liquid mixture was filtered, and the solid was placed in the oven and
dried at 105 °C for 24 h to a constant weight. The protein fraction of
films dissolved in water was analyzed by SDS-PAGE. The solubility of
SPI films in water was calculated as follows:

mo — my % 100 3)
m

0

Solubility (%) =

where my is the initial weight of films, and mj is the final weight of dried
SP films.

2.4.5. Contact angle

The contact angle of the films was evaluated as described by Hu et al.
(2021). The distilled water droplets were injected vertically on the film
surface (10 mm x 40 mm) by using a contact angle analyzer (SDC-200,
Shengding Precision Instrument Co., Ltd., China), and the photo was
captured after 2 s. The software was used to calculate the angle between
the water droplets and the surface of the SPI films.

2.4.6. Interaction analysis

In total, 20 mg SPI film powder was dissolved in 1 mL of different
solutions, including S1 (0.6 mol/L NaCl), S2 (0.6 mol/L NaCl, 1.5 mol/L
urea, S3 (0.6 mol/L NaCl, 8 mol/L urea), and S4 (0.6 mol/L NaCl, 8 mol/
L urea, 0.5 mol/L B-ME), as described by Weng, Hamaguchi, Osako, &
Tanaka. (2007). The centrifuge tubes containing the samples were
gently shaken at 50 rpm for 24 h by using a shaker and centrifuged at
10,000 rpm for 30 min at room temperature The protein content was
determined based in Lowry’s method by using bovine serum albumin as
the standard, and the total protein content of the films solubilized in 2
mol/L NaOH. The proportion of solubility of SPI films in S1, (S2-S1),
(S3-S2), and (S4-S3) were used to characterize ionic bonding, hydrogen
bonding, hydrophobic interactions, and disulfide bonding, respectively.
The subunits distribution of SPI films dissolved in different denaturing
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solutions were characterized by SDS-PAGE.

2.4.7. X-ray diffraction (XRD)

The XRD patterns of the SPI films were determined using an X-ray
diffractometer (Ultima-IV, Rigaku, Japan) with an angular range of
5°-50° and Cu-Ka radiation (40 kV, 30 mA).

2.4.8. Scanning electron microscopy (SEM)

The microstructural analysis of the upper surfaces of the films was
carried out using SEM (Phenom Pro, Phenom-World, NED) with an ac-
celeration voltage of 5 kV at magnifications of 1,000 x and 10,000 x.

2.5. Statistical analysis

The data were expressed as mean + standard deviation. One-way
analysis of variance (ANOVA) and Duncan multiple range test at p <
0.05 were used to evaluate the data statistically by using SPSS statistics
17.0 software (SPSS, Inc., Chicago, IL, USA).

3. Results
3.1. Characterization of film-forming solution

The effect of the shear rate on the apparent viscosity of FFS is shown
in Fig. 1(a). The shear-thinning behavior of the FFS with the increase in
shear rate indicates that FFS was essentially a pseudoplastic fluid. The
apparent viscosity of the FFS at a shear rate of 1 s~ decreased markedly
from 41.60 mPa-s to 12.78 mPa-s after adding 1 mmol/L cysteine. A
similar result was reported by Lambert & Kokini (2001), who suggested
that the decrease in viscosity of wheat protein flour solutions is related
to the cleavage of disulfide bonds between wheat proteins by cysteine.
However, no significant difference was observed in the apparent vis-
cosity of FFS after the concentration of cysteine was increased from 2
mmol/L to 8 mmol/L (p > 0.05). As shown in Fig. 1 (b), SPI mainly
consists of o (72 kDa), o’ (76 kDa), and p (53 kDa) from 7S, acidic
subunits (As) and basic subunits (Bs) from 11S. The protein bands with
molecular weights of 100-200 kDa disappeared when -ME was added,
implying that disulfide bonds were present in the SPI protein. In the non-
reducing SDS-PAGE, the protein band intensity with molecular weights
of 100-200 kDa gradually disappeared with increasing cysteine con-
centration, whereas the band intensity of a and o’ subunits increased,
suggesting that the protein with weight of 100-200 kDa was formed by o
and o subunits via disulfide bonds. In comparison with the non-
reducing SDS-PAGE, the band intensity of the As and Bs subunits in
the reducing SDS-PAGE increased. However, no obvious difference was
observed in the band intensity of o and o’ subunits with different
cysteine concentrations in the reducing SDS-PAGE. The results in Fig. 1
suggest that the disulfide bonds that link the o and o’ subunits could be
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cleaved by cysteine, resulting in a decrease in SPI-based FFS viscosity.
3.2. Characterization of soy protein films

3.2.1. Mechanical properties

The TS and EAB of SPI films were 7.75 MPa and 122.51%, respec-
tively (Table 1), and these values were close to those of the reported SPI
films (TS = 6.3 MPa, EAB = 177.97%; Li et al., 2021). No obvious dif-
ference was observed in the effect of cysteine concentration on the TS of
SPI films (Table 1). However, the EAB of SPI films significantly
decreased after adding at least 4 mmol/L cysteine (p < 0.05).

3.2.2. WVP

The effect of cysteine concentration on the WVP of SPI films is shown
in Table 1. The WVP of SPI films was 0.86 x 1071° g.m1.s 1.pa~},
which was lower than that of the reported SPI films (1.33 x 10710
gm ts~lpal; Han & Wang, 2016). The WVP of SPI films was not
significantly different when the concentration of the cysteine added was
not higher than 4 mmol/L (p > 0.05), but WVP increased and reached
1.19 x 10719 g.m~1.s7L.pa~! after the addition of 8 mmol/L cysteine.

3.2.3. Optical properties

The optical properties of the SPI films with different cysteine con-
centrations were characterized in terms of color and transparency values
(Table 2). The color parameters, namely, the L*, a*, and b* values of SPI
films were 81.55, —2.54, and 17.34, respectively. There was no signifi-
cant difference in the color parameters of the films after adding 1 or 2
mmol/L cysteine. When the cysteine concentration was further
increased, the L* value decreased, whereas the a* value increased
significantly (p < 0.05).

Table 1
Effect of cysteine concentration on the mechanical properties and WVP of SPI
films.

Cysteine (mmol/ TS (MPa) EAB (%) WVP (x10710

L) gm s lpal)

0 7.75 + 122,51 + 0.86 + 0.13"
0.31% 19.99°

1 7.09 + 103.66 + 0.92 + 0.10°
0.52° 33.56%

2 7.64 + 127.28 + 0.91 + 0.10°
0.49° 18.72°

4 7.88 + 81.44 + 0.94 +0.12"
0.64° 26.38"

8 7.86 + 55.86 +19.77°  1.19 + 0.06%
0.34°

Data are expressed as mean + standard deviation.
Values with different lower-case letters in the same column indicate significant
differences at p < 0.05.
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Fig. 1. Apparent viscosity versus shear rate (a) and SDS-PAGE patterns (b) of FFS at different cysteine concentrations.
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Table 2
Effect of cysteine concentration on the optical properties and transparency of SPI
films.

Cysteine Color Transparency

(mmol/L) I+ o b value

0 81.55 + -2.54 + 17.34 + 0.61 + 0.11°¢
0.30° 0.06¢ 0.49°

1 81.52 + -2.28 + 17.28 + 0.61 + 0.18°
0.19? 0.06¢ 0.29%

2 81.05 + -2.29 + 17.40 + 0.95 + 0.17¢
0.39° 0.06° 0.51°

4 80.87 + -2.02 + 17.88 + 1.75 + 0.12°
0.27° 0.04° 0.51°

8 79.89 + -1.72 + 17.72 + 2.66 + 0.84°
0.31¢ 0.14* 0.41%

Data are expressed as mean + standard deviation.
Values with different lower-case letters in the same column indicate significant
differences at p < 0.05.

The transparency value of the pure SPI films was 0.61 (Table 2),
which was close to that of SPI films treated with 1 or 2 mmol/L cysteine.
However, the transparency value of SPI films increased remarkably (p <
0.05) after FFS was treated with 4 or 8 mmol/L cysteine. Therefore, low
concentrations of cysteine insufficiently altered the transparency of SPI
films.

3.2.4. Film soluble characteristics

The solubility of the SPI films treated with cysteine is presented in
Fig. 2(a). The solubility of SPI films was 70.40%, which decreased
significantly (p < 0.05) with the increase in cysteine concentration from
0 to 4 mmol/L. However, the solubility of SPI films changed insignifi-
cantly when the cysteine concentration was further increased (p > 0.05).
The protein in the films dissolved in water was analyzed by SDS-PAGE
(Fig. 2b). In the non-reducing SDS-PAGE, the high molecular weight
fractions (HMWF) at the top of the polyacrylamide gel gradually
decreased with the increase in cysteine concentration, whereas the other
protein patterns did not change obviously (Fig. 2b), indicating that
water-insoluble aggregates could be formed from HMWF induced by
cysteine. In comparison with the films dissolved in denaturing solution
(Fig. S1), the band intensities of p and Bs subunits were weaker in the
films dissolved in water, whereas the other band intensities were similar
(Fig. 2b), suggesting that the p and Bs subunits played an important role
in the water resistance of SPI films.

3.2.5. Contact angle

The contact angle can represent the surface polarity of protein films,
and this parameter can be used to select the application range (Rodri-
guez-Felix et al., 2022). As shown in Table 3, the contact angles of the
upper and lower surfaces from the SPI films were 84.72° and 85.61°,

()
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Table 3
Effect of cysteine concentration on the contact angle of SPI films.

Cysteine (mmol/L) Contact angle (°)

Upper surface Lower surface

0 84.72 + 4.08° 85.61 + 4.91°
1 80.72 + 5.20" 83.87 + 6.08°
2 78.37 + 4.17¢ 82.79 + 1.92°
4 77.35 + 4.33° 80.66 + 4.16"
8 91.25 + 2.70° 92.90 + 2.77°

Data are expressed as mean =+ standard deviation.
Values with different lower-case letters in the same column indicate significant
differences at p < 0.05.

respectively, suggesting that the surface of the prepared SPI films
possessed hydrophilic characteristics. As cysteine concentration was
increased to 4 mmol/L, the contact angles of both the upper and lower
surfaces of SPI films decreased slightly. However, the film contact angle
at the upper and lower surfaces exceeded 90° when the cysteine con-
centration was 8 mmol/L.

3.2.6. Interaction analysis

The SDS-PAGE patterns of SPI films dissolved in different denaturing
solutions are presented in Fig. 3(a). In the protein patterns of the films
dissolved in S1, the a, o’, and As subunits were observed, and their band
intensity increased slightly with the increase in cysteine concentration.
Similar subunit bands were also observed in the SDS-PAGE patterns of
films dissolved in S2-S1. Therefore, the «, «’, and As subunits are
involved in the SPI film formation through ionic and hydrogen bonds.
However, the band intensity of HMWF1 dissolved in S1 and S2-S1 could
not enter the separating gel and gradually decreased with increasing
cysteine concentration, indicating that cysteine could prevent HMWF1
from participating in ionic and hydrogen bond formation. In the protein
patterns of films dissolved in S3-S2, the HMWF1, HMWF2, and 7S
subunits were observed, indicating that the HMWF and 7S subunits were
involved in hydrophobic interactions during film formation. Notably,
the 7S and 118 subunits were observed in the SDS-PAGE patterns of films
dissolved in S4-S3, suggesting that all SPI subunits could be involved in
the film formation through disulfide bonds. Based on SDS-PAGE, the
protein fractions involved in the hydrophobic interactions and disulfide
bonds of SPI films were not affected by the cysteine concentration.

The effect of cysteine concentration on the interaction between
proteins in SPI films is shown in Fig. 3(b). The percentages of ionic
bonds, hydrogen bonds, hydrophobic interactions, and disulfide bonds
in the SPI films were 20.82%, 16.57%, 25.07%, and 27.66%, respec-
tively. When FFS was treated with 1 mmol/L cysteine, the percentage of
hydrophobic interactions in the formed films increased to 37.71%,
whereas the percentage of disulfide bonds decreased to 14.80%, sug-
gesting that the interaction between the exposed hydrophobic groups

(b)  Without B-ME ~ With p-ME
kDA g e b '
200——~WEBEBEN B
100—s * )
§§::Ep==;==q = e e
40 — S | —p
S5 B o . .. B ee—A s
30 ==
20 ~—Bs
15 =
M01248 012 48
Cysteine (mmol/L)

Fig. 2. Solubility of SPI films dissolved in water (a) and SDS-PAGE patterns of soluble protein fraction (b).
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Fig. 3. Effect of cysteine concentration on the SDS-PAGE patterns of SPI films dissolved in denaturing solutions (a), percentage of chemical bonds (b), XRD patterns

(c), and XRD patterns (d) of SPI films.

was enhanced after the disulfide bonds in SPI were cleaved by cysteine.
The disulfide bond in a-lactalbumin protein could be cleaved by
0.35-1.4 mmol/L cysteine, thus increasing the number of exposed hy-
drophobic groups (Nielsen, Lund, Davies, Nielsen, & Nielsen, 2018);
however, the formation of disulfide bonds in the cold-extruded whey
protein could be promoted by the addition of 15 mmol/L cysteine,
because cysteine could induce the thiol/disulfide exchanges of protein
(Yang et al., 2021). A similar phenomenon was observed in the SPI films
treated with 0-4 mmol/L cysteine, but the results of the present study
demonstrate that 8 mmol/L cysteine could promote the formation of
non-disulfide covalent bonds in the SPI films.

3.2.7. XRD analysis

The XRD patterns of SPI films are shown in Fig. 3(c). Two diffraction
peaks at 26 values of approximately 8.85° and 19.56° were found in the
SPI films, and these values correspond to the a-helix and p-sheet crys-
talline structures of amorphous globulins (Li et al., 2021; Hu et al.,
2022). No obvious changes were observed in the intensity and position
of diffraction peaks when SPI films were prepared after treatment with 4
mmol/L cysteine or less. When the cysteine concentration reached 8
mmol/L, two new diffraction peaks at 26 values of approximately 18.8°
and 28.4° appeared in the SPI films, and these values could be attributed
to cysteine (Su et al., 2022). Therefore, the excessive amount of cysteine
easily formed crystals in the prepared SPI films.

3.2.8. SEM

The microstructure of SPI films is shown in Fig. 3(d). The surface of
SPI films was flat, homogeneous, and smooth. No obvious changes were
observed on the surface of SPI films with the addition of 1 or 2 mmol/L
cysteine. When at least 4 mmol/L cysteine was added, some aggregates
appeared on the film surface (Fig. 3d). Especially, the surface of SPI films
with 8 mmol/L cysteine showed snowflake-like aggregates, which could
be attributed to the excessive amount of cysteine detected by XRD
(Fig. 3c). Therefore, high concentrations of cysteine could accumulate
during film drying and form particles on the film surface.

4. Discussion

The low viscosity of protein based FFS can increase SPI solids, which
is conductive to improving the drying rate of protein films. In general,
the viscosity of proteins could be enhanced by the combined effect of
molecular interactions and molecular weight (Averina, Konnerth,
D’Amico, & van Herwijnen, 2021). The viscosity of SPI solution
decreased remarkably after adding sodium bisulfite possibly because of
the rapture of disulfide bonds (Qi et al., 2013), while the whey protein
isolate-based films with sodium sulfite had a poor EAB (Schmid, Prinz,
Stabler, & Sangerlaub, 2017). However, the effect of sodium sulfite on
the viscosity of protein-based FFS and physicochemical properties of
protein films has not been reported. The viscosity of SPI solution
decreased by 87.7% after adding 0.4% (w/w) bromelain due to the
breakage of the peptide bonds (Xu et al., 2020), but the effect of
bromelain on the physicochemical properties of SPI films has not been
evaluated. In present study, the viscosity of the SPI-based FFS decreased
by 69.3% after adding 1 mmol/L cysteine, but the TS and EAB of the
formed SPI films were not significantly affected (Table 1). Therefore, the
breakage of disulfide bonds only reduces the viscosity of SPI-based FFS
and does not affect the film-forming ability of SPI. When the SPI was
added at least 4 mmol/L cysteine, the viscosity of the FFS could not be
further reduced while the EAB of films decreased significantly (p <
0.05), possibly because the cysteine crystals destroyed the film’s
extensibility (Table 1, Figs. 1a, 3c, and 3d).

The mechanical properties of protein-based films are determined
based on the protein structure, intermolecular interactions, and film’s
microstructure (Omar-Aziz et al., 2021; Weng & Zheng, 2015; Xu et al.,
2021). In the present study, the subunits in 7S participate in the for-
mation of SPI film network structure through ionic bonds, hydrogen
bonds, hydrophobic interactions, and disulfide bonds, whereas the
subunits in 11S are mainly involved through disulfide bonds. The di-
sulfide bonds among the SPI protein molecules were broken upon the
addition of 1 mmol/L cysteine, thus enhancing the hydrophobic in-
teractions in the formed SPI films. However, the ratio of disulfide bonds
in SPI films increased slightly with increasing cysteine concentration.
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This finding was obtained possibly because cysteine can initiate the
thiol/disulfide exchange reactions of protein molecules and promote
protein polymerization (Yang et al., 2021). The toughness of sunflower
protein films decreased when the added tannins exceeded the maximum
amount bound to the protein network (Orliac, Rouilly, Silvestre, &
Rigal, 2002). The addition of cysteine led to the decrease in EAB of
gliadin films because of the formation of disulfide bonds between pro-
tein molecules (Hernandez-Munoz, Kanavouras, Villalobos, & Chiralt,
2004). In the present study, cysteine disrupted the network structure of
SPI films (Fig. 3d), thus decreasing the flexibility and WVP (Table 1).
Moreover, a significant increase in the transparency values of SPI films
was observed with increasing cysteine concentrations (Table 2; p <
0.05), suggesting that the crystals formed from the excessive cysteine
affected film’s light scattering. Similarly, the transparency values of the
composite films based on psyllium seed gum (PSG) and whey protein
isolate were increased after adding PSG (Zhang, Zhao, Li, Zhu, Fang, &
Shi, 2020). In conclusion, the physicochemical properties of SPI films
are influenced by the protein interactions and structure network induced
by the added cysteine.

The water solubility of protein-based edible films is influenced by the
protein interactions of maintaining network structural integrity, which
may also be a measure of film’s water resistance (Fakhouri et al., 2018;
Luo et al., 2022). The water resistance of protein-based films could be
improved with the formed network polymers induced by the hydro-
phobic interactions (Jiang, Xiong, Newman, & Rentfrow, 2012), disul-
fide bonds (Ciannamea, Stefani, & Ruseckaite, 2014), and covalent
crosslinkings (Liu et al., 2017). In the present study, the water solubility
of SPI films significantly decreased after 1 or 2 mmol/L cysteine was
added (p < 0.05), possibly because hydrophobic interactions played a
key role in the film’s water resistance. When the concentration of added
cysteine reached 4 mmol/L, the decrease in the water solubility of SPI
films might be related to the increase in disulfide bond proportion. When
the concentration of added cysteine was further increased to 8 mmol/L,
no significant changes were observed in the water solubility of SPI films
and the proportion of disulfide bonds (p > 0.05) despite the increase in
the proportion of covalent bonds. Therefore, the water resistance of
cysteine-induced SPI films was mainly affected by hydrophobic in-
teractions and disulfide bonds. Moreover, the p and Bs subunits might
play an important role in the water resistance of SPI films (Figs. 2 and
S1). The film’s contact angle decreased slightly as the cysteine concen-
tration gradually increased to 4 mmol/L (Table 3), possibly because the
exposed hydrophobic groups induced by cysteine aggregated through
hydrophobic interactions (Fig. 3b). A similar phenomenon was reported
by Zhang et al. (2022), who found that the exposed hydrophobic groups
by denaturation were involved in hydrophobic interactions, resulting in
the decreased surface hydrophobicity of pea proteins. However, the
contact angle of the SPI films with 8 mmol/L cysteine was higher than
that of other films (Table 3), possibly because of the formation of non-
disulfide covalent bonds (Fig. 3b).

5. Conclusion

This study revealed the influence of cysteine concentration on the
viscosity of SPI-based FFS and the physicochemical properties of the
films. The apparent viscosity of FFS was reduced by cysteine, because
the disulfide bonds in the « and o’ subunits of the SPI were cleaved.
However, the mechanical properties and optical properties of the SPI
films were unaffected after FFS was treated with 2 mmol/L cysteine or
less, because the hydrophobic interactions increased from cysteine-
induced exposed hydrophobic groups. The EAB of SPI films increased
as the cysteine concentrations increased to 4 mmol/L or more because of
the formation of crystals on the SPI film’s surface after adding excessive
cysteine. Overall, the viscosity of SPI-based FFS can be reduced by
pretreatment with approximately 2 mmol/L cysteine concentration,
which can provide a new way to increase drying efficiency.
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