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Materials and Methods
Materials
Zein (purity of 92.8%) was purchased from Rixing Pharmaceutical Co., Ltd. (Gaoyou, China). Thymol was purchased from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China). 1-phenylamino-8-naphthalate (ANS) was purchased from Shanghai Yuanye Biochemical Technology Co., Ltd. (Shanghai, China). Total sulfhydryl kit was purchased from Solarbio Science & Technology Co., Ltd. (Bejing, China). Absolute ethanol and other chemical reagents were of analytical grade. 
ACP pretreatment and composite particle preparation
[bookmark: _Hlk104935832]ACP modification was conducted on the mixture of zein and thymol prior to prepare zein-thymol composite particles by anti-solvent method described by Yang et al [1], as the scheme shown in Fig. 1.
[bookmark: _Hlk119077600]Certain amounts of zein powders were dissolved in ethanol solution (80%, v/v) to obtain zein solution (2.0%, w/v). Thymol was weighed and added into zein solution (Zein: thymol = 20:1, w/w, dry basis), and then magnetically stirred for 30 min for further use. The mixed solution (8 mL) was poured into a quartz glass vessel (inner diameter = 50 mm) and subjected to plasma treatment using a DBD-CTP 2000K plasma reactor (Nanjing Suman Electronics Co. Ltd., China). The diameter of the circular dielectric quartz electrode was 3 cm with discharge gap of 8 mm. ACP treatment was conducted at discharge power of 45, 50, 60, 70 and 80 W, respectively, at fixed current (1.0±0.1 A) for 40 s. 
[bookmark: OLE_LINK6]After treatment, mixed solution was injected into deionized water at a speed of 1.2 mL/min through a constant current pump (HL-2, Huxi Analytical Instrument Co., Ltd., Shanghai, China). The resultant mixture containing composite particles was vacuum evaporated at 40°C for 15 min, and then centrifuged at 1000×g for 5 min to obtain the supernatant. The supernatant containing composite particles was further freeze-dried for 48 h to obtain dispersed zein-thymol (ZT) composite particles.
Encapsulation efficiency (EE)
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Solutions containing composite particles (1 mg/mL, w/v, dry basis) was obtained by dissolving the lyophilized powders in absolute ethanol. The suspension was gently mixed for 1 min and then stand for 30 min at room temperature (25℃). The absorbance of the free thymol was determined, and the content of thymol was calculated according to the standard curve (regression equation: y=0.0055x+0.0765, R2=0.9989), denoted as W1. Then, the thymol was completely extracted by ultrasonic treatment (60 W) for 30 min at room temperature (25℃). The extract was centrifuged at 3000×g for 10 min, and the absorbance was measured to calculate the total thymol content, denoted as W2. The encapsulation efficiency of composite particles was calculated according to the following formula [2]:
    (1)
Where W1 is the content of free thymol (μg), W2 is the total thymol content (μg), m is the total mass of ZT composite particles (μg).
Particle size, Zeta potential and conductivity measurement
Z-Average particle size, Zeta potential and conductivity of ZT composite particles were determined by a laser nanoparticle size analyzer (BeNano 90 Zeta, Dandong Baite Co., Ltd., China). The measurement conditions were as follows: particle diameter detection angle 90°, Zeta potential detection wavelength 671 nm. 
Scanning electron microscopy (SEM)
The ZT composite particle solutions (0.4%, w/v) were prepared and added dropwise on the silicon wafer, followed by dried naturally at room temperature. Silicon wafer was fixed on the sample table with conductive adhesive. The sample was sprayed with gold twice and then observed using a field emission scanning electron microscope (Quanta200F, FEI USA).
Fourier transform infrared spectroscopy (FTIR)
The molecular structure of the ZT composite particles was characterized by Fourier transform infrared spectrometer (FTIR, Nicolet 5700, USA). Spectra of raw and treated samples were collected in the range of 4000 ~ 400 cm-1. Each spectrum was collected at a resolution of 4 cm-1 with an accumulation of 32 scans, and the air was used as the blank background.
X-ray diffraction (XRD)
The microstructure of freeze-dried samples was determined by an X-ray diffractometer with a Cu Kα radiation (D8, Bruker, Germany). The samples were scanned from 3° to 30° (2θ) at a scan step of 2°/min. The system was operated at 40 KV and 200 mA. The diffractograms were analyzed using JADE 6.5 software. 
Fluorescence Spectrum
Fluorescence spectra were measured by a fluorescence spectrophotometer (RF6000, Shimadzu, Japan). 1.0 mg of ZT composite particles was added to 5 mL ethanol-water solution (80%, v/v). The solution was allowed to stand for 30 min before the measurement. The excitation wavelength was set as 280 nm, and the emission wavelength range was 290 ~ 420 nm.
Free sulfhydryl and disulfide bond content
The content of free sulfhydryl was determined by DTNB colorimetric method [3]. The samples treated under different plasma conditions were added into the centrifuge tube and centrifuged at 3000×g for 10 min. 2 mL of supernatant was taken and added with 4 mL of urea buffer. Then 40 μL of Ellman' s reagent was added and mixed by vortex oscillator in the dark for 30 min at room temperature. Zein solution without plasma treatment was used as blank control. The absorbance was measured at 412 nm by spectrophotometer. The calculation formula of free sulfhydryl concentration was as follows:
    (2)
Where A412 is the 412 nm absorbance value, C is the sample protein content (mg/mL), and D is the dilution multiple.
The content of disulfide bond was calculated by the content of free sulfhydryl and total sulfhydryl which measured by total sulfhydryl kit according to the formula as follows:
   (3)
Surface hydrophobicity
The surface hydrophobicity of the ZT composite particles was determined by the 1-phenylamino-8-naphthalate (ANS) fluorescence probe method [4] using a fluorescence spectrophotometer (RF6000, Shimadzu, Japan). The protein concentrations of samples treated under different plasma conditions were determined by the biuret method. Briefly, the sample was dissolved and diluted with phosphate buffer (0.01 mol/L) into different concentration (dilution multiple ranged from 20 to 100). 20 μL of ANS solution (8 mmol/L) was added to each sample solution (4 mL) and thoroughly mixed. After that, the mixture was subjected to dark reaction at room temperature for 20 min, followed by measurement of the fluorescence intensity. The measurement conditions were set as follows, excitation wavelength of 390 nm, emission wavelength of 470 nm and emission slit width of 5 nm. The collected fluorescence intensity was correlated linearly with the protein concentration. The slope of the curves was corresponded to the surface hydrophobicity of the protein.
Differential scanning calorimetry (DSC)
The thermal property of ZT composite particles was determined by a differential scanning calorimeter (Q2000, TA USA). Accurate amounts of pre-dried samples were weighed (5.0 mg) and transferred into a sealed 40 μL aluminum pan. The procedure was performed by heating from 20°C to 200°C at a rate of 10°C/min. The empty pan was used as the blank control.
Statistical analysis
Results are presented as the mean values ± standard deviations. Statistical analysis was performed using the SPSS statistical software (version 22.0, IBM Corp., USA) and significant differences were detected by the Tukey’s multiple comparison tests (p < 0.05). All figures were presented by Origin 8.0 software.
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Results and discussion
Thermal property
DSC thermal diagrams of raw and plasma-treated samples were shown in Fig. 2. The wide endothermic peak was corresponded to the denaturation temperature (Td) of zein [1]. Changes of Td in DSC curves was analyzed to reflect the thermal stability of ZT composite particles. Generally, the Td of plasma-treated ZT composite particles was increased after ACP treatment as the peak curves of all the samples shifted to the higher temperature range. The Td of the untreated samples was 84.9°C, and it reached up to 87.3°C at 50 W. The results indicated that the thermal stability of ZT composite particles was improved and the molecular interaction between thymol and zein was enhanced. The reason might be that ACP treatment promoted the formation of more hydrogen bonds which increased the combination between zein and thymol. However, the higher treatment intensity (60~80 W) could generate irreversible damage to the spatial structure of zein which led to the loose conformation structure as shown by the subsequent slightly declined Td, in good accordance with the FTIR results. It was known that thymol was susceptible to heat with poor thermal stability [2] and the results here showed the thermal stability of thymol embedded within zein micelles had been improved, indicating that ACP treatment had the application potential to develop zein as a thermal-stable wall material.
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Fig. 1. Schematic diagram of ACP treatment and preparation of ZT composite particles
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Fig. 2. DSC curves of ZT composite particles
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