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1 Introduction
Zein, the main protein in corn, is rich in glutamic acid (21-

26%), leucine (20%), proline (10%) and alanine (10%) (Kaya 
& Boccaccini, 2017). However, it lacks basic and acidic amino 
acids, especially tryptophan and lysine. It is a heterogeneous 
mixture of peptides with different molecular weights, solubility 
and charges connected by disulfide bonds. The average molecular 
weight is 4.4 × 104. Zein has good film-forming, gelling and 
antioxidant properties (Kasaai, 2018). But zein films have 
better brittleness and poor viscosity, extensibility and tensile 
strength, their mechanical properties cannot satisfy the actual 
production needs (Song & Wang, 2021; Zhang et al., 2015). 
Studies have shown that the brittleness and other mechanical 
properties of the film can be improved by adding a plasticizer 
and cross-linking agent (Cazón  et  al., 2017). However, the 
current cross-linking agents such as glutaraldehyde and 
epichlorohydrin have certain toxicity, which limits their 
application in food (Wang et al., 2018). STMP, with formula 
Na3P3O9, is a metaphosphate of sodium, which is one of the 
safe, non-toxic cross-linking agents for starch approved by the 
Food and Drug Administration (Yıldırım-Yalçın et al., 2019). 
It can be used as a meat adhesive, dispersant, stabilizer, fruit 
juice turbidity prevention agent and starch modifier. In this 
study, STMP is used as a cross-linking agent to modify zein. 
This will provide a theoretical basis for preparing a cross-linked 
zein membrane and developing its application in foods.

2 Materials and methods
2.1 Materials

Zein and STMP (purity ≥ 95%) were purchased from Aladdin 
(Shanghai, China). Anhydrous ethanol, sodium hydroxide and 
hydrochloric acid were acquired from Sinopharm Chemical 
(Shanghai, China). The ultrapure water was from a Thermo 
Gen Pure UV/UF water system (Waltham, MA).

2.2 Methods

Modification of zein

Two grams of zein was dissolved in 100 mL of 80% ethanol 
solution to generate a 2% (m/V) zein solution. After a certain 
amount of STMP was added, they were incubated at the designed 
temperature for a specified time. The obtained mixture was 
dialyzed for 12 h with deionized water (Yıldırım-Yalçın et al., 
2019; Khalil et al., 2015). The sediment was collected and freeze-
dried as the modified zein (Z-SP).

Rheological measurement

The 80% ethanol solvent was used for preparing a 2% polymer 
(zein and Z-SP) solution for testing. The rheological measurement 
was carried out at a HAAKE MARS II rheometer (Thermo 
Fisher Scientific Co., Ltd, Waltham, MA, USA) with a cone-plate 
(C60/1°TiL) probe. The effect of shear rate (0.01 to 1000 s-1) on 
the flowcurve were recording during 300 s (Bozdogan et al., 2022; 
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Nascimento et al., 2016). In the viscoelasticity (small amplitude 
oscillation shear) measurement, the frequency (f) scanning range 
was 0.1-100 Hz and the shear stress (τ) was 0.1 Pa (in the linear 
viscoelastic region). The test temperature was set at 25 ± 0.2 °C.

Optimization of the preparation process of Z-SP

According to the preparation method of Z-SP in section 
2.2, the preparation process of Z-SP was optimized by using 
response surface methodology (Yao  et  al., 2022). When the 
reaction temperature was fixed at 25 °C, the experimental factors 
included the mass ratio of STMP to zein (RS/Z), pH and reaction 
time. The corresponding factor levels were selected based on the 
central composite design (Table 1). The shear stress was used 
as the response value.

Fourier Transform Infrared (FT-IR) spectroscopy

The FT-IR spectra of zein and Z-SP were obtained on a 
Nico-let FT-IR 20 SX spectrometer (Nicolet, USA) based on 
the KBr method (Yan  et  al., 2022; Forato  et  al., 2003). The 
measurements were carried at 4 cm-1 resolution with 32 scans 
in the mid-infrared region (4000-400 cm-1).

Circular Dichroism (CD) spectroscopy

The CD measurement was carried out on a Pistar π-180 CD 
spectropolarimeter (Applied Photo physics Ltd., UK). Both the 
spectra in the near ultraviolet range of 250-320 nm and the far 
ultraviolet range of 190-260 nm were recorded (Qi et al., 2015).

Statistical analysis

The assay was carried out based on three independent 
experiments. Statistical comparisons were performed using 

the t-test. A p value of < 0.05 was considered to be a significant 
difference.

3 Results and discussion
3.1 RSM model and ANOVA analysis

Response surface methodology (RSM) is a strong experimental 
tool, which can optimize the preparation process involving 
multiple factors. RSM usually fits a model based on the central 
composite design (CCD) by least squares technique. In this study, 
the experimental design and results are shown in Table 1. The 
shear stress ranged from 2.591 Pato 34.53 Pa. The maximum 
value was found at the RS/Z 0.03, pH 7.0 and the reaction time 
2 h. By applying multiple regression analysis on the experimental 
data, the response variable and the test variables are related by 
the following second-order polynomial equation (Equation 1):

2 2 2
   23.30  24.55   0.66   2.43   

1.46   2.07   0.95   14.15  9.77  12.15

Shear stress A B C

AB AC BC A B C

= + − + −

− + − − −
	 (1)

ANOVA and regression coefficients results of the quadratic 
model are shown in Table 2. The significance of quadratic regression 
model was tested by the value of F, p and correlation coefficient, 
and the corresponding results of ANOVA were exhibited in 
Table 2. It was found that all the p values of A, A2, B2 and C2 
were less than 0.05, which indicated that these variables were 
significant and had great influence on shear stress. The order of 
influence was as follows: RS/Z > pH > time. The F value was 1.52, 
and the p value was 0.3379. The p value was greater than 0.05, 
which suggested that the residual error of the model might be 
caused by random error. The value of determination coefficient 
(R2 = 0.9611) indicated that the regression model was suitable 
for predicting shear stress. The correlation coefficient R2 of the 
function was 0.9611, and the closer R2 was to 1, the smaller the 
influence of error. The value of AdjR2 (0.9377) was reasonably 
close to 1, demonstrating a high degree of correlation between 
the observed and predicted values. A very low value of coefficient 
of the variation (3.00%) clearly indicated a very high degree 
of precision and a good deal of reliability of the experimental.

3.2 Response surface analysis

The response surfaces of the regression model were obtained 
using SAS version 8.0 and are presented in Figure 1. The effect of 
RS/Z on the shear stress and its interaction with pH revealed that 
the shear stress increased with the increase of pH, and the shear 
stress was found to increase gradually with increase of pH from 
5 to 7.7, but beyond 7.7, shear stress decreased with increasing 
pH. The effects of RS/Z and time on shear stress showed that the 
shear stress increased gradually with the increase of time when 
RS/Z was less than 0.03. And the effect of pH and time interaction 
on shear stress confirmed that the shear stress was the highest 
at neutral pH.

To verify the test results, the experimental rechecking was 
performed under the deduced optimal conditions (RS/Z 0.03, 
pH 6.8, reaction time 2 h and reaction temperature 25 °C). A 
mean value of 35.0025 pa (n = 3) was obtained, which was in 
agreement with the predicted value, demonstrating the validation 
of the model.

Table 1. Central composite design arrangement and response.

Treament
Independent variables

Shear stress 
(Pa)RS/Z pH Time (h)

Run A B C
1 0.03 7.0 2 34.530
2 0.03 9.0 2.5 10.042
3 0.03 7.0 2 32.206
4 0.03 7.0 2 31.721
5 0.03 7.0 2 32.037
6 0.03 5.0 2.5 10.901
7 0.04 5.0 2 11.222
8 0.02 5.0 2 14.061
9 0.03 7.0 2 38.037

10 0.02 7.0 1.5 7.909
11 0.03 9.0 1.5 10.754
12 0.04 7.0 2.5 2.755
13 0.04 7.0 1.5 2.854
14 0.04 9.0 2 2.591
15 0.02 7.0 2.5 16.107
16 0.03 5.0 1.5 15.422
17 0.02 9.0 2 11.278
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3.3 Rheological analysis

Rheological analysis showed that the viscosities of Z-SP 
and zein gradually increased with the increase of shear rate 
(Figure 2). The viscosity of zein reduced with increasing pH. 
Because glutamic acid in protein is converted to glutamate with 
the increase of pH, which leads to the decomposition of zein 
aggregates in solution into monomer state and the decrease of 
viscosity (Zhang et al., 2011; Li et al., 2022). The viscosity of Z-SP 
was higher than that of zein. Z-SP had the highest viscosity at 
pH 7.0. Compared with zein, the high and low pH values had 
little effect on the viscosity of Z-SP.

3.4 CD analysis

Near ultraviolet CD is usually used to analyze the tertiary 
structure of proteins. Different aromatic ring amino acids have 
different absorptions within the range of 250-320 nm, and their 
peak type and intensity are determined by type, quantity, fluidity, 
microenvironment and spatial position of amino acids (Geng et al., 
2022). In Figure 3, the near ultraviolet CD of zein had four peaks 
at 260, 270, 275 and 282 nm, which belonged to phenylalanine 
and tyrosine, respectively. There was no peak between 290 and 
320 nm, which might be due to the low tryptophan content in 
zein molecules. It was observed that the near ultraviolet CD 
spectra of Z-SP and zein had only slight differences at different 
pH values (Figure 3A-3C). The peak shape was similar at pH 7.0 
and 9.0, whereas the peak size at pH 5.0 was somewhat different, 
suggesting that zein had a similar tertiary structure in the three 
protein solutions (Figure 3D). After STMP phosphorylation in 
particular, the near-ultraviolet CD spectra of Z-SP with different 
pH values almost coincided, which meant that the cross-linking 
reaction between STMP and zein had no effect on the tertiary 
structure of the protein (Gouin, 2003).

Far ultraviolet CD can provide information on protein 
secondary structure. It could be observed that there was a positive 
peak near 195 nm and a strong negative peak near 205 and 
225 nm, respectively (Figure 3E). When the pH of the protein 

Table 2. ANOVA analysis for the fitted model.

Source of variation Sum of square Degree of freedom Mean square F-value P-value Status
odel 2257.78 9 250.86 28.84 0.0001 Significant

A 112.00 1 112.00 12.88 0.0089 Significant
B 35.87 1 35.87 4.12 0.0818 Not significant
C 1.03 1 1.03 0.12 0.7412 Not significant

AB 8.55 1 8.55 0.98 0.3545 Not significant
AC 17.20 1 17.20 1.98 0.2024 Not significant
BC 3.63 1 3.63 0.42 0.5391 Not significant
A2 842.58 1 842.58 96.88 < 0.0001 Significant
B2 402.11 1 402.11 46.23 0.0003 Significant
C2 621.97 1 621.97 71.51 < 0.0001 Significant

Residual 60.88 7 8.7
Lack of fit 32.47 3 10.82 1.52 0.3379 Not significant
Pure error 28.41 4 7.10
Cor total 2318.66 16

Quadratic 
summary statistics

R2 AdjR2 PredR2 C.V. % PRESS Adeq Precision
0.9611 0.9377 0.8742 3.00 291.78 15.769

Figure 1. Response surfaces (3D) showing the effect of the RS/Z, reaction 
time and pH on the shear stress.
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solution was 7.0, the negative peak intensity of the modified zein 
increased. When the pH of the protein solution was 5.0 or 9.0, 
the negative peak intensity of modified zein decreased (Byler 
& Susi, 1986; Greenfield, 2006).

The contents of α-helix, β-fold, β-turn and random curl 
in the protein were obtained by the DICHROWEB program 
(Figure 3F). Compared with zein, the α-helix and random 
coil contents of Z-SP decreased at pH 5.0 and 9.0. However, 
the β-fold content increased, indicating that the protein 
structure was more stable. At pH 7.0, the α-helix content 
increased while the β-folding and random curling contents 
decreased. After STMP was added, the α-helix and β-fold 
contents declined. However, the random coil content increased 
significantly, which meant that the protein structure was 
more prone to unfolding.

Figure 2. Changes in viscoelastic properties of Z-SP and zein with 
shear rate.

Figure 3. CD spectra of Z-SP and zein (A, B, C and D are near ultraviolet CD spectra of Z-SP and zein at different pH; E is far ultraviolet CD 
spectra of Z-SP and zein; F is secondary structure of Z-SP and zein).
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4 Conclusion
In this study, STMP was used as a cross-linking agent to 

modify zein. Response surface methodology was used to optimize 
the modification process. The optimal modification conditions 
were as follows: RS/Z 0.03, pH 6.8, reaction time 2 h, reaction 
temperature 25 °C. The viscosity of modified zein increased with 
the increasing shear rate, which was attributed to the structural 
changes according to circular dichroism (CD) and Fourier 
transform infrared (FTIR) analysis. Our results can promote 
the development and application of zein in foods.
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