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Abstract: 23 

In this research, cinnamon essential oil (CEO) loaded Pickering emulsion was 24 

incorporated into chitosan (CS)/gelatin (GEL) complex films. These antimicrobial 25 

functionalizations of biobased packaging films containing different contents (5, 7.5, 26 

and 10 mL) of CEO-loaded Pickering emulsion were evaluated on the microstructure, 27 

physicochemical, mechanical, barrier and antimicrobial properties. CEO-loaded 28 

Pickering emulsion was herein prepared with zein nanoparticles as a stabilizer showed 29 

an average size of 113.37 nm and exhibited excellent physical stability. Fourier 30 

transform infrared spectroscopy (FTIR) and wide-angle X-ray scattering (WAXS) 31 

analyses revealed that the CEO-loaded Pickering emulsion showed compatibility with 32 

CS/GEL matrix. Not only mechanical properties but also barrier properties of the 33 

prepared films were significantly improved (P < 0.05) by incorporating CEO-loaded 34 

Pickering emulsion. Furthermore, incorporating CEO-loaded Pickering emulsion with 35 

CS/GEL led to the formation of high antimicrobial films against Pseudomonad 36 

paralactis MN10 and Lactobacillus sakei VMR17 with slow-release behavior of CEO. 37 

These results suggested that Pickering emulsion is a promising antimicrobial agent 38 

delivery system for biopolymer based active packaging, notably for the conception of 39 

novel active packaging biobased polymers. 40 

 41 

Keywords: Antimicrobial packaging; Pickering emulsion; Cinnamon essential oil; 42 

Chitosan/gelatin composite films; Control release  43 
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1. Introduction 44 

Conventional plastics have significantly contributed to the development of the 45 

food packaging industry due to their functions in the containment, protection and 46 

distribution of food. Conventional plastics are synthetic materials by petroleum-based 47 

polymers, which bring serious problems in resource depletion, and environmental 48 

pollution due to their low biodegradability and poor recyclability (Chamas, et al., 2020). 49 

To overcome the threats associated with petroleum-based plastic packaging materials, 50 

the development of sustainable resources to exploit biodegradable and renewable 51 

packaging materials with eco-friendly features is being actively studied (Al-Maqtari et 52 

al., 2022; Garavand et al., 2020). Several biobased polymers, such as polysaccharides 53 

(cellulose, chitosan, etc.) or proteins (gelatins, zein, etc.) (Wang et al., 2021&2022), are 54 

currently being investigated as plastic viable alternatives, which get noticed because of 55 

their biodegradability and biocompatibility and good film-forming abilities (Jafarzadeh, 56 

et al., 2020).  57 

Gelatin (GEL) is one of the most intriguing protein-based biopolymers, owing to 58 

its good film-forming capabilities and highly processable properties. However, pure 59 

GEL film has weaknesses of poor tensile strength and high moisture-sensitive that need 60 

to be resolved before perfect utilization (Dai et al., 2022). The incorporation of different 61 

matrices with complementary characteristics is considered as an enhancement strategy 62 

for characteristics of pure GEL film (Qiao et al., 2017). Chitosan (CS), as a positively 63 

charged polysaccharide, has been widely used in the preparation of film due to its strong 64 

Jo
urn

al 
Pre-

pro
of



 

5 

 

film-forming capacity and biocompatibility (Do et al., 2022). CS is considered a 65 

candidate for the enhancement of mechanical and physicochemical properties of pure 66 

GEL films (Roy & Rhim, 2021a). The synergistic effect is performed associated with 67 

electrostatic interactions between the negatively charged carboxyl group of GEL and 68 

the positively charged amino group of CS and strong hydrogen bond formation (Liu et 69 

al., 2022). Based on the broad range of molecular interactions, the layer-by-layer 70 

assembly method has gained interest (Zhao et al., 2020). Both blending and assembly 71 

provide alternative approaches for the preparation of CS and GEL films. Recent studies 72 

focus on exploring the antimicrobial function of CS/GEL complex films for the 73 

development and application of food active packaging films (Al-Maqtari et al., 2022; 74 

Uranga et al., 2019). 75 

Essential oils (EOs), as natural bioactive compounds derived from plants, take 76 

over wide attention as antimicrobial agents in food active packaging films due to their 77 

safety and effective antimicrobial performance (Calo et al., 2015). Cinnamon essential 78 

oil (CEO), mainly contains cinnamaldehyde (> 70%) and (-)-α-pinene (> 10%), which 79 

have been confirmed that possess antimicrobial activities for bacteria and fungi (Yang 80 

et al., 2021; Zhang et al., 2019). However, the incorporation of EOs directly into 81 

biobased packaging films has some major challenges due to thermally sensitive and 82 

easy inactivation during the film-forming process (Hosseini, Ghaderi, & Gómez-83 

Guillén, 2022). In addition, free EOs loaded bio-based films have a “dumping effect” 84 

of active compounds, which could result in limited effectiveness of active films during 85 
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applications (Zhang et al., 2022c). Thus, the encapsulation strategy is required to 86 

decrease bioactivity losses of EOs during food active packaging creation (Shao et al., 87 

2021). Pickering emulsion, as known as a bioactive compounds delivery system, 88 

exhibits the protection of bioactive compounds and a controlled release. Recently, 89 

Pickering emulsion has received increasing interest in the encapsulation of EOs (Zhang 90 

et al., 2022c). Previous reports have proven the protection capability and controlled 91 

release of EOs loaded Pickering emulsion (Liu et al., 2019; Shen et al., 2021). Pickering 92 

emulsion is stabilized by amphiphilic colloidal particles that help to reduce the 93 

interfacial tension between water and oil phases and promote the formation of emulsion 94 

droplets (Wu et al., 2022). Particle wettability of the colloidal emulsion surface decides 95 

the adsorption properties and physical stability of the Pickering emulsion (Shao et al., 96 

2019; Mwangi et al., 2020). For example, zein particles enhanced the physical stability 97 

of Pickering emulsion due to their hydrophobic and hydrophilic nature, which could 98 

enhance the attraction in stabilizer particles on droplets interface (Soltani &Madadlou, 99 

2016). Moreover, the high stability Pickering emulsion may result in better performance 100 

of food active packaging because of the better dispersion characteristics in the film 101 

matrix. However, there is limited information reported on adding EOs loaded Pickering 102 

emulsion to CS/GEL composite films. 103 

Therefore, the objective of this research was to develop CS/GEL composite film 104 

by incorporating CEO-loaded Pickering emulsion as an antimicrobial agent delivery 105 

system for active packaging applications. The structure, physical, mechanical and 106 
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barrier properties of CEO-loaded Pickering emulsion CS/GEL films were assessed. 107 

Furthermore, the release behavior and antimicrobial activity against spoilage bacteria 108 

of the films were investigated. 109 

2. Materials and methods 110 

2.1. Materials and reagents 111 

Zein was purchased from Sigma-Aldrich (St. Louis, MO, USA). CS (CAS#:9012-112 

76-4, MW of 50000) was purchased from Shanghai Macklin Biological Co., Ltd. 113 

(Shanghai, China). GEL (CAS#:9000-70-8, type A, bloom value of 300) and glycerol 114 

were procured from Yuanye Bio-Technology Co., Ltd. (Shanghai, China). CEO was 115 

purchased from Jiangxi Taicheng natural perfume Co., Ltd. (Ji’an, China). Absolute 116 

ethyl alcohol, acetic acid and other reagents were purchased from Sinopharm Chemical 117 

Reagent Co., Ltd (Beijing, China). Tryptic soy broth (TSB) medium and DeMan-118 

Rogosa-Sharpe broth (MRS) medium were obtained from Beijing Land Bridge 119 

Technology Co., Ltd. (Beijing, China). All reagents used in this work are analytically 120 

pure. Pseudomonad paralactis MN10 (P. paralactis MN10) and Lactobacillus sakei 121 

VMR17 (L. sakei VMR17) were obtained from Meat Science and Nutrition Innovation 122 

Laboratory of the Institute of Food Science and Technology, Chinese Academy of 123 

Agricultural Sciences (Beijing, China). 124 

2.2. Preparation of CEO-loaded Pickering emulsion 125 

The preparation of CEO-loaded Pickering emulsion was referred to literature 126 
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(Mattice & Marangoni, 2020) with slight modifications. Firstly, zein dissolved in acetic 127 

acid aqueous solution (90%, v/v) to form zein stock solutions. Stock solutions were 128 

added to ultrapure water with homogenized by HR-500 high shear homogenizing 129 

emulsifiers (Shanghai Huxi Industry Co., Ltd, Shanghai, China) at speed of 12000 rpm 130 

for 5 min to form zein nanoparticles dispersion (1%, w/v). Next, CEO was added 131 

dropwise into zein nanoparticles dispersion to form CEO-loaded Pickering emulsion 132 

under homogenized at speed of 12000 rpm for 5 min. The final concentration of CEO 133 

in the Pickering emulsion system was 1% (v/v). 134 

2.3. Characterization of CEO-loaded Pickering emulsion  135 

2.3.1. Measurement of particle size, polydispersity index and Zeta potential 136 

Particle size, polydispersity index (PDI), and Zeta potential of CEO-loaded 137 

Pickering emulsion were measured by Zetasizer Nano ZS (Malvern Instruments Inc., 138 

Malvern, UK). The CEO-loaded Pickering emulsion samples were diluted 100 times 139 

with ultrapure water before measurements. Particle size, PDI, and Zeta potential were 140 

measured three times for each sample, and average values were reported. 141 

2.3.2. Turbiscan stability index 142 

The physical stability of CEO-loaded Pickering emulsion was measured using a 143 

Turbiscan Lab Expert analyzer (Formulaction Inc., Toulouse, France). The entire 144 

height of the emulsion was scanned by pulsed near-infrared light (λ =880 nm). 145 

Meanwhile, two synchronous detectors receive the light passing through the sample at 146 
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angles of 180° (transmission) and 45° (backscattering). Only the backscattering light 147 

was measured because the emulsions were opaque. The sample (20 mL) was placed in 148 

the test tube and scanned every 1 h continuously for 24 h at 25 ℃. 149 

2.3.3. Confocal laser scanning microscopy  150 

Confocal laser scanning microscopy (CLSM, Leica TCS SP8, Leica microsystems 151 

Inc., Wetzlar, Germany) was employed to observe the microstructure of CEO-loaded 152 

Pickering emulsion. The samples were labeled with mixture dyes of Nile Red (0.1%, 153 

w/v) and Nile Blue (0.1%, w/v) at a ratio of 1:1. 10 μL sample and 10 μL mixture dyes 154 

were successively dropped onto the slide for lightproof staining. Images of CEO-155 

loaded Pickering emulsion were recorded by CLSM at excitation wavelengths of 488 156 

nm and 633 nm. 157 

2.4. Fabrication of CEO-loaded Pickering emulsion/chitosan/gelatin films 158 

GEL was dissolved in ultrapure water in a water bath at 50 ℃ for 2 h to form a 159 

GEL solution (2%, w/v), the 30% (w/w, based on the dry GEL weight) glycerol was 160 

then added to the GEL solution to obtain the GEL film forming solutions. CS was 161 

dissolved in acetic acid aqueous solution (1.5%, v/v) in a water bath at 50℃ for 2 h to 162 

form CS solution (1.5%, w/v), the 30% (w/w, based on the dry CS weight) glycerol 163 

was then added to the CS film forming solutions. Different amounts of the CEO-loaded 164 

Pickering emulsion (5, 7.5, and 10 mL) were mixed with CS film-forming solutions to 165 

form active film-forming solutions (AFFS), of which volume was a total of 30 mL. 166 
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In this work, two forms of the film were prepared. To prepare the blend casting 167 

film (CF), 30 mL AFFS mixed with GEL film-forming solutions (30 mL) were cast 168 

into a 150 mm diameter plastic plate and dried at 50 ℃ for 18 h. The CF with different 169 

contents (5, 7.5, and 10 mL) of CEO-loaded Pickering emulsion were named CF5, 170 

CF7.5 and CF10, respectively. To prepare the bilayer film (BF), a layer-by-layer 171 

assembly method was employed. Briefly, GEL film forming solutions (30 mL) were 172 

poured into 150 mm diameter plastic plate and dried at 50℃ for 6 h to form the GEL 173 

layer firstly, then 30 mL AFFS were poured onto the GEL layer and dried for 12h to 174 

form the second layer. The BF with different contents (5, 7.5, and 10 mL) of CEO-175 

loaded Pickering emulsion were represented as BF5, BF7.5 and BF10. All prepared 176 

films were conditioned for 48 h at 25℃ and 50% relative humidity (RH) before further 177 

measurements. 178 

2.5. Characterization of Pickering emulsion/chitosan/gelatin films 179 

2.5.1. Scanning electron microscope 180 

Surface and cross-section structure of prepared films were observed by scanning 181 

electron microscope (SEM, SU 1510, Hitachi, Japan). Before scanning, the film 182 

samples were frozen in liquid nitrogen to obtain cross section, and then plated by a 183 

vacuum sputter coater (Bal-Tec AG, Blazers, Liechtenstein).  184 

2.5.2. Fourier transform infrared spectroscopy 185 

Infrared spectra of films were generated by Fourier transform infrared 186 
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spectroscopy (FTIR, Tensor 27, Bruker) in the range of 4000-400 cm−1 resolution after 187 

32 scans. Prior to the measurement, a background spectrum was measured, and all 188 

measures were performed in triplicate and the presentative one was provided. 189 

2.5.3. Wide-angle X-ray scattering 190 

Structural characterization of films was carried out through the wide-angle X-ray 191 

scattering (WAXS) analyses on Anton Paar SAXS point 2.0 system (Anton Paar Ltd., 192 

Austria) using Cu Kα radiation as X-ray source (wavelength=1.5418 Å). The distance 193 

between the film sample and the source was 78 mm. All data were deducted 194 

background and smeared, and normalized before further analysis. 195 

2.5.4. Thickness and mechanical properties 196 

The thickness of the films was measured by using an MDC-25SX micrometer 197 

caliper (Mitutoyo Corporation, Takatsu-ku, Kawasaki, Japan). The average thickness 198 

was calculated through five random place measurement values. According to the 199 

previous report (Hua et al., 2021), tensile strength (TS) and elongation at break (EAB) 200 

of films were investigated by the texture analyzer (TA-XTPlus, Stable Micro System 201 

Co., Ltd., UK). Firstly, the films were cut into 80 mm × 15 mm rectangles. The initial 202 

grip separation of the fixture was 50 mm and the stretching speed was 50 mm/min. 203 

2.5.5. UV visible light transmittances 204 

The light transmittances of films were measured with a UV spectrophotometer 205 

(UV-6000PC, Shanghai Metash Instruments Co., Ltd., Shanghai, China) at the range 206 

Jo
urn

al 
Pre-

pro
of



 

12 

 

of 200 to 800 nm. The film sample was cut into strips with 40 mm × 10 mm and then 207 

placed in the sample tank for analysis. 208 

2.5.6. Thermogravimetric analysis 209 

Thermogravimetric analysis (TGA) of films was measured using a 210 

thermogravimetric analyzer (Pyris Diamond TG/DTA, PerkinElmer Inc., New Castle, 211 

DE, USA). 4.0 g of the film sample was sealed in aluminum pans and was heated from 212 

30 to 550 ℃ at a temperature programming of 10 ℃/min. 213 

2.5.7. Water content and water solubility 214 

The water content (WC) and water solubility (WS) of films were determined by 215 

the method of Ahammed et al. (2021) with simple modifications. The film sample 216 

was cut to a 30 mm × 30 mm square and weighed to determine the initial weight 217 

(M0). Then the film sample was dried at 105 °C for 24 h, then weighed and recorded 218 

as (M1). The MC of films was calculated according to the formula (1): 219 

𝑀𝐶 (%) =
(𝑀0 − 𝑀1)

𝑀0
× 100 (1) 220 

The dried sample was immersed into a beaker with 20 mL of ultrapure water and 221 

stirred for 24 h at 25 °C. The undissolved part of the film was taken out and dried at 222 

105℃ for 24 h and weighed as (M2). The MS of films was calculated according to the 223 

formula (2): 224 

𝑀𝑆(%) =
(𝑀1 − 𝑀2)

𝑀1
× 100 (2) 225 

2.5.8. Water vapor permeability and oxygen permeability 226 
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The water vapor permeability (WVP) of the film was measured according to the 227 

previous method of Liu et al. (2020), with slight modifications. The beaker (diameter 228 

of 55 mm) with 10 g of anhydrous calcium chloride was sealed by film sample. Then 229 

the beaker was kept in the environmental condition at 25 °C and 75% RH. The beaker 230 

was checked every 12 h for 2 d to determine the weight loss. The WVP was calculated 231 

according to equation (3). 232 

𝑊𝑉𝑃 (𝑔/(𝑚 𝑠 𝑃𝑎)) =
∆𝑆 × 𝑑

𝑡 × 𝐴 × ∆P
(3) 233 

where ∆S was the weight loss of the beaker (g), d was the thickness of the film (mm). 234 

t was the measuring time (s), A was the area of the mouth of the beaker (mm2), ∆P was 235 

the pressure difference inside and outside the beaker. 236 

Oxygen permeability (OP) was determined based on the report of Wang et al. 237 

(2018). Briefly, the beaker (diameter of 55 mm) with 10 g of deoxidizer was sealed by 238 

film sample. Then the beaker was kept in the environmental condition at 25 °C and 75% 239 

RH. The beaker was checked every 12 h for 2 d to determine the weight loss. The OP 240 

was calculated as equation (4). 241 

𝑂𝑃 (g/(m s Pa)) =
∆M × 𝑑

𝑡 × 𝐴 × ∆P
(4) 242 

where ∆M was the weight loss of the beaker (g), d was the thickness of the film 243 

(mm). t was the measuring time (s), A was the area of the mouth of the beaker (mm2), 244 

∆P was the pressure difference inside and outside the beaker. 245 

2.6. Release behavior 246 

The release of the CEO from the films was assessed in food simulant according 247 
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to the method of Zhang et al. (2022b) with slight modifications. 50% ethanol solution 248 

and 95% ethanol solution were selected as a simulant of semi-fatty foodstuffs and fatty 249 

foodstuffs, respectively. Briefly, the film sample was cut into a 30 mm× 30 mm square 250 

and placed in a beaker with 50 mL of food simulant solution, then the beaker was kept 251 

at 25℃ for 96 h. Simulant samples were taken at predetermined time intervals (0, 1, 2, 252 

4, 6, 12, 24, 48, 64, and 96 h). The amount of CEO release from the film was measured 253 

at 287 nm by UV–Vis spectrophotometer. The release percentage of the CEO from the 254 

film was calculated according to equation (5): 255 

𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑠 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (%) =
𝑀𝑡

𝑀
× 100 (%) (5) 256 

where Mt was the amount of CEO released from the film at nth t (h), and M was the 257 

initial concentration of CEO in the films. 258 

2.7. Antimicrobial activity 259 

2.7.1. Growth profiles of bacteria 260 

The antimicrobial ability of films to P. paralactis MN10 and L. sakei VMR17 261 

were evaluated according to the method of Xu et al. (2020). Briefly, a film sample 262 

(150.0 ± 0.5 mg) was added into sterilized centrifuge tube with 20 mL liquid medium 263 

(TSB for P. paralactis MN10 and MRS for L. sakei VMR17), and 100 μL of bacterial 264 

suspensions (107 CFU/mL) was inoculated to the liquid medium. The centrifuge tubes 265 

were incubated at 28 °C for 24 h with sustained shaking. Samples were removed at 266 

predetermined time intervals for optical density measurement at 600 nm by Spark 267 

multimode microplate reader (Tecan Inc., Switzerland).  268 
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2.7.2. Morphology of bacteria observed by SEM 269 

The microstructure of P. paralactis MN10 and L. sakei VMR17 were observed 270 

with a scanning electron microscope (SU 1510, Hitachi, Japan). Under the same 271 

conditions as in section 2.7.1, the bacteria were cultured with film in a liquid medium 272 

for 4 h. The bacteria sediment was collected by centrifugated at 4 ℃ with the speed of 273 

8000 g, and was fixed with 2.5 wt% glutaraldehyde overnight. Then, the fixed bacteria 274 

were gradient dehydrated with different concentrations of ethanol solution (in turn 30%, 275 

50%, 70%, 90%, and 100%, v/v). Finally, the 100% ethanol was replaced with 100 % 276 

tert-butanol. The dehydrated bacteria were dried with critical point drying (Leica model 277 

EM CPD300, Austria). Prior to scanning, the bacteria samples were plated by a vacuum 278 

sputter coater. 279 

2.8. Statistical analysis 280 

The data were analyzed by SPSS 26.0 software (SPSS Inc., Chicago, IL, USA), 281 

and expressed by mean ± standard deviation. Analysis of variance (ANOVA) and 282 

Duncan’s multiple tests at P < 0.05 were used to evaluate the significance of differences 283 

in means. 284 

3. Results and discussion 285 

3.1. Characterization of CEO-loaded Pickering emulsion 286 

CEO-loaded Pickering emulsion was prepared with zein nanoparticles as 287 

stabilizer. The results of size distribution, physical stability, and morphology of CEO-288 
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loaded Pickering emulsion were shown in Fig. 1. The average droplet size of CEO-289 

loaded Pickering emulsion was 113.37 nm, and the main size distribution showed a 290 

single peak pattern (Fig. 1 (A)). The size distribution of the emulsion was an important 291 

parameter for its stability (Almasi, Azizi, & Amjadi, 2020). The average particle size 292 

of zein nanoparticles stabilized CEO-loaded Pickering emulsion was lower than that 293 

reported by Xu et al. (2020). They prepared zein colloidal particles stabilized clove 294 

essential oil Pickering emulsion (CP), the particle size of CP was in the range of 295 

1.40~1.73 μm.  296 

The Zeta potential and PDI value of CEO-loaded Pickering emulsion were +  297 

67.27 mV and 0.29, respectively. Zeta potential measure the repulsive force or 298 

attraction between particles and oil phase, and PDI refer to the dispersibility of 299 

emulsion. The emulsion was considered as stability system when the absolute value of 300 

Zeta potential was above 30 mV (Niroula, Gamot, Ooi, & Dhital, 2021). An increase 301 

in Zeta potential promoted the dispersion and stabilization of emulsion. In the present 302 

manuscript, the zein was fully dissolved in glacial acetic acid to prepare colloid 303 

particles as a Pickering emulsion stabilizer. This operation makes zein colloid particles 304 

become protonated and highly unfolded, thus adsorption property is improved on the 305 

surface of Pickering emulsion (Mattice & Marangoni, 2020), which can prevent the 306 

formation of aggregation of emulsion. The smaller size and higher Zeta potential value 307 

of CEO-loaded Pickering emulsion were attributed to the highly plasticized and 308 

continuous network of zein nanoparticles (Mattice et al., 2020), possessing high 309 
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physical stability (Fig. 1 (B)). The TSI reflects the stability of the emulsion by 310 

recording the optical properties of the emulsion in real-time. The TSI value was 311 

negatively correlated with the Pickering emulsion stability (Zhao et al., 2023). A lower 312 

TSI implies a smaller variation in droplet concentration and a greater stable emulsion. 313 

The TSI value of the CEO-loaded Pickering emulsion was below 1.5 showing the 314 

emerging destabilization and high physical stability of the prepared emulsion (Jia et al., 315 

2023). The morphology of CEO-loaded Pickering emulsion was visualized using 316 

CLSM and shown in Fig. 1 (C). As shown in Fig. 2 (C) (ⅰ), the droplets of CEO-loaded 317 

Pickering emulsion were approximately spherical shape. Fig.2 (C) (ⅱ), (ⅲ) and (ⅳ) 318 

showed that the dispersed CEO droplet was surrounded by zein nanoparticles and had 319 

good dispersibility. These results indicated the potential of CEO-loaded Pickering 320 

emulsion for being an antimicrobial agent delivery system. Hence, the CEO-loaded 321 

Pickering emulsion was incorporated into CS/GEL for preparing antimicrobial 322 

packaging. 323 

3.2. Characterization of blend casting and bilayer assembly Pickering emulsion 324 

chitosan/gelatin /films  325 

3.2.1. SEM 326 

The microstructural properties of CEO-loaded Pickering emulsion CS/GEL films 327 

with blend casting and bilayer assembly film systems were shown in Fig. 2. According 328 

to Fig. 2 (CF0 and BF0), the surface of CS/GEL films displayed compact and glossy, 329 
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indicating high compatibility between CS and GEL due to non-covalent interactions 330 

(Haghighi et al., 2019). However, the surface of films tended to a slight roughness by 331 

the incorporation of CEO-loaded Pickering emulsion. A similar SEM morphology was 332 

observed by Liu, et al. (2022) in CS films containing the cellulose nanocrystal-333 

stabilized Pickering emulsions. Blend casting CEO-loaded Pickering emulsion 334 

CS/GEL film showed a tight structure in cross-section observation (Fig. 2 (CF10)). 335 

However, Fig. 2 (BF10) showed that the bilayer assembly CEO-loaded Pickering 336 

emulsion CS/GEL film presented a phenomenon of stacking, which could be as layer-337 

by-layer assembly behavior during film forming (Zhang et al., 2019). In further 338 

observation of bilayer film, the CS side showed a roughness apparent obviously 339 

compared to the GEL side. 340 

The microstructural properties affected the final physical, mechanical, barrier and 341 

optical properties of the films (Hosseini, Ghaderi, & Gómez-Guillén, 2021). GEL is an 342 

amphoteric electrolyte, the charged polar groups (–COOH, –NH2, and –OH) in the 343 

structure chain could form an interaction with oppositely charged groups NH3
+ of CS. 344 

Thus, both blend casting and bilayer assembly CEO-loaded Pickering emulsion 345 

CS/GEL films showed compatibility in film performance. And the structure of CS/GEL 346 

films was more tightly due to the filling action of CEO-loaded Pickering emulsion 347 

droplets. This phenomenon could be reflected in the mechanical and barrier properties 348 

of prepared films. 349 

3.2.2. FTIR 350 
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FTIR was used to characterize the interactions between the chemical groups of 351 

films at the molecular level (Fig. 3 (A)). The characteristic functional groups of the CS, 352 

GEL, zein, and CEO mainly include hydroxyl, alkane, and amine. The vibrations and 353 

spectral positions could be altered when the main functional groups interacted with 354 

each other or with other groups (Zhang et al., 2019). The broad bands detected at 3222 355 

and 3276 cm-1 were ascribed to the O-H and N-H stretching vibration of pure 356 

biopolymers (CS and GEL). However, the band of CS/GEL complex film distinctly 357 

moved to 3273 cm-1, which was due to the hydrogen bond interactions between CS and 358 

GEL. With the addition of CEO-loaded Pickering emulsion, the intensity of absorption 359 

band at 3273 cm−1 gradually reduced. This was mainly due to the decrease of hydrogen 360 

bonding interactions between the -OH of GEL and the -NH2 of CS, that caused by the 361 

decrease of CS content in prepared films. Such change in interactions verified the 362 

decline of the tensile strength of the prepared films in mechanical properties. In 363 

addition, the peaks at 2927 cm-1 were ascribed to the -CH2 stretching vibrations of 364 

alkane groups. The peak at 1633 cm-1 and 1546 cm-1 were referred to the C-O stretching 365 

of amide-Ⅰ and N-H bonds of amide-II, respectively. Bands at 1031 cm-1 were 366 

interpreted as the antisymmetric stretching of -C-O- in the glycosidic linkage, and 367 

vibration of the hexatomic ring ether (Li, et al., 2022). Overall, the peaks of the CEO-368 

loaded Pickering emulsion CS/GEL films were like those of the CS/GEL films, except 369 

for minor changes in peak intensity. The above indicated incorporated CEO-loaded 370 

Pickering emulsion into CS/GEL films did not significantly change the chemical 371 
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structure of CS/GEL films. 372 

3.2.3. WAXS 373 

The crystalline structures of the CEO-loaded Pickering emulsion CS/GEL films 374 

were analyzed by wide-angle X-ray scattering and the results were shown in Fig. 3 (B). 375 

The WAXS patterns of CEO-loaded Pickering emulsion CS/GEL films displayed two 376 

diffraction peaks, and they were at around 9° and 20°, respectively, which can be 377 

assigned to its hydrated crystal and regular lattice, respectively (Chen et al., 2021). 378 

Notably, the peak intensity at around 9° of CEO-loaded Pickering emulsion CS/GEL 379 

films was increased, which could be explained as the reconstruction of intermolecular 380 

and intramolecular hydrogen bonds of films. In addition, the narrow peaks around 6° 381 

shown in patterns are ascribed to CS matrix in prepared films, which may be caused 382 

by the solution of chitosan solids in an acetic acid solution. Furthermore, Fig. 3 (B) 383 

showed that no other new sharp peaks appeared after adding the CEO-loaded Pickering 384 

emulsion with CS/GEL. These findings demonstrated that the presence of CEO-loaded 385 

Pickering emulsion did not change the crystal structure of the CS/GEL base matrix and 386 

could be evidence of the coexistence of the two phases of polymer matrix and CEO-387 

loaded Pickering emulsion (Zhao et al., 2022).  388 

3.2.4. Thickness and mechanical properties 389 

The thickness of CEO-loaded Pickering emulsion CS/GEL films were shown in 390 

Table 1. The thickness of blend casting and bilayer assembly CS/GEL films were 66.61 391 
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(CF0) and 69.85 (BF0) μm, respectively. As the concentration of CEO-loaded 392 

Pickering emulsion increased, the thickness of CF10 and BF10 films were 74.81 and 393 

78.03 μm, respectively. These results showed that the addition of CEO-loaded 394 

Pickering emulsion had a significant effect on the thickness of CS/CEL films. 395 

Mechanical properties were critical parameters for packaging films, which can affect 396 

their range of use and durability. The mechanical properties including TS and EAB of 397 

the CEO-loaded Pickering emulsion CS/GEL films were evaluated. As Table 1, the TS 398 

value of films gradually decreased with the increase of CEO-loaded Pickering 399 

emulsion, while the EAB of the CEO-loaded Pickering emulsion CS/GEL films 400 

significantly increased (P < 0.05). According to the result in FTIR and WASX above, 401 

the addition of CEO-loaded Pickering emulsion does not affect the chemical structure 402 

and crystal structure of the CS/GEL matrix. Thus, these changes in mechanical 403 

properties are mainly due to the filling effect that emulsion droplets cause on films, 404 

which leads to continuities in the biopolymer network. Liu et al. (2020) also found that 405 

the incorporation of Pickering emulsion did obviously change the mechanical 406 

properties of both TS and EAB of konjac glucomannan films, which were attributed to 407 

the deformability of filling lipid droplets in the films. However, Xu et al. (2020) 408 

attributed this result to the introduction of essential oils loaded with Pickering emulsion 409 

disrupting the ordered arrangement of the biopolymers matrix by interfering with the 410 

formation of inter- and/or intra-hydrogen bonds. In addition, TS and EAB values 411 

showed significant differences (P < 0.05) between CF and BF. TS value of CF showed 412 

Jo
urn

al 
Pre-

pro
of



 

22 

 

higher than BF, resulting in stronger and tougher films. This could be due to the 413 

intermolecular hydrogen bonds between the amino of CS and charged carboxyl of GEL. 414 

And the more condensed structure of CF than that of BF (Haghighi et al., 2019). 415 

3.2.5. Light transmission 416 

The appearance and light transmittance of CEO-loaded Pickering emulsion films 417 

were particularly important for food packaging films. As displayed in Fig. 4 (A) (CF0 418 

and BF0), the appearance of CS/GEL films was flat and uniform, and the color of 419 

CS/GEL films appears a little yellow. With the addition of CEO-loaded Pickering 420 

emulsion, the color of CEO-loaded Pickering emulsion CS/GEL films presented 421 

whiteness and the lightness of films decreased. This observation can be explained by 422 

the milky white CEO-loaded Pickering emulsion equably integrated into CS/GEL films 423 

matrix. 424 

Fig. 4 (B) showed the UV transmittance of the prepared films. It can be observed 425 

that with the addition of CEO-loaded Pickering emulsions, the UV transmittance of 426 

films present was reduced, suggesting an improved UV blocking ability. It was 427 

attributed to the phenolic compounds in CEO, which had UV absorption capacity and 428 

the differences in the refractive index of the continuous phase and the dispersed phase. 429 

A similar result was reported by Fasihi, et al. (2019) in carboxymethyl cellulose and 430 

polyvinyl alcohol films incorporated with rosemary essential oil-loaded Pickering 431 

emulsion. UV light is one of the main factors that accelerate the oxidation of 432 

unsaturated fatty acids (Jakubowska et al., 2023). Research had verified that the 433 
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addition of Pickering emulsion into a film can reduce the transmittance of light because 434 

of the dispersed droplets from the emulsion (Liu, et al., 2020). Thus, the food packaging 435 

films with great UV barrier properties were worth considering when applied. 436 

3.2.6. Thermal properties 437 

The TG and DTG curves of CEO-loaded Pickering emulsion CS/GEL films were 438 

shown in Fig. 4 (C) and Fig. 4 (D), respectively. The CEO-loaded Pickering emulsion 439 

CS/GEL films showed multiple steps of weight loss in TG and DTG curves. The initial 440 

weight change stage of films appeared at 120 ℃, which could be mainly due to the 441 

evaporation of free water. The second stage of weight loss was observed from 180 to 442 

220 ℃. Weight loss of films at this stage was more likely attributed to the loss of 443 

structurally bound water, glycerol, and other low molecular weight compounds. The 444 

third range was observed from 260 to 330 ℃, which corresponded to a complex process 445 

involving the degradation of the polymer, especially of GEL (Roy & Rhim, 2020). A 446 

similar thermal degradation pattern was reported in the konjac glucomannan-based 447 

films incorporated with the Pickering emulsion of sunflower seed oil (Liu et al., 2020). 448 

As shown in Fig. 4 (D), the introduction of CEO-loaded Pickering emulsion improves 449 

the thermal stability of CS/GEL films. which agreed with the reported results in the 450 

literature (Zhao et al., 2022). 451 

3.2.7. Water content and water solubility 452 

The values of water related properties including WC and WS can be used to 453 
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evaluate the water sensitivity properties of the films, which could be greatly related to 454 

physical properties. As shown in Table 1, the CS/GEL films displayed higher water 455 

content, the values of CF0 and BF0 were 28.04 % and 32.97 %, respectively. However, 456 

the WC values of films were decreased significantly with the CS/GEL films 457 

incorporated with CEO-loaded Pickering emulsion (P < 0.05). These results were 458 

mainly due to the hydrophobic CEO droplets wrapped in the emulsions, and the 459 

interactions between CS/GEL and emulsions would replace partial CS/GEL and water 460 

interactions. A similar result was reported by Shen et al. (2021), which found that the 461 

pullulan-gelatin based films incorporated with clove essential oil-loaded Pickering 462 

emulsion resulted in a decrease in WC. The WS of CS/GEL films displayed a higher 463 

value (Table 1), 41.38 % and 35.86 % for CF0 and BF0, respectively. However, the 464 

WS values of CEO-loaded Pickering emulsion incorporated with CS/GEL films 465 

gradually decreased with the increase of CEO-loaded Pickering emulsion content. 466 

These results were consistent with MC value described above due to the addition of 467 

hydrophobic substances, which suggested that CEO-loaded Pickering emulsion could 468 

contribute to improving the water hydrophobic of the CS/GEL films. Therefore, the 469 

hydrophilic drawback of pure GEL could be overcome to some extent by the addition 470 

of essential oil loaded Pickering emulsion. 471 

3.2.8. Barrier properties 472 

The barrier properties of films were evaluated using WVP and OP parameters. 473 

WVP and OP of packaging films played critical roles in preventing moisture regain, 474 
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oxidation of food ingredients, and deterioration of food quality (Zhang, et al., 2019). 475 

As shown in Fig. 5. the WVP value of CS/GEL films were 1.36 and 1.76 ×10-10 g/(m 476 

s Pa) of CF0 and BF0, respectively. A significant difference in WVP value was found 477 

among films incorporated with different content of CEO-loaded Pickering emulsion (P 478 

< 0.05). The WVP value of CF10 and BF10 were 1.05 and 1.29 ×10-10 g/(m s Pa) 479 

respectively, which were lower than of gelatin/agar-based films integrated with clove 480 

essential oil loaded Pickering emulsion (0.62~0.71 ×10-9 g/(m s Pa)) (Roy & Rhim, 481 

2021b). Water molecules can be absorbed into the films and interact with the free 482 

hydroxyl groups of CS. However, the hydrogen bonds between CS and GEL reduced 483 

the availability of hydrophilic groups. In addition, the droplets of hydrophobic CEO-484 

loaded Pickering emulsion in CS/GEL films increased the tortuosity of the path of 485 

water vapor through films (Wang et al., 2018), and be shown in Fig. 5 (C). 486 

The OP showed a similar trend of WVP in prepared films. The OP of CF0 and 487 

BF0 were 1.50 and 1.28 ×10-10 g/(m s Pa), respectively, and decreased as the addition 488 

of CEO-loaded Pickering emulsion. These results could be the addition of CEO-loaded 489 

Pickering emulsion reduced the mobility of polymer chain by forming uniform network 490 

structure between CS/GEL complex film forming matrix (Wang et al., 2021). 491 

Furthermore, as shown in Fig. 5 (C), the migration path of oxygen molecules was 492 

increased as same as water vapor. The results of WVP and OP, suggested that the 493 

incorporation with CEO-loaded Pickering emulsion into CS/GEL films could enhance 494 

the barrier properties of films. 495 
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3.3. Release behavior 496 

50% ethanol solution (representing semi-fatty foodstuffs) and 95% ethanol 497 

solution (representing high-fatty foodstuffs) were selected as a simulant, respectively, 498 

to evaluate the CEO release behavior in films, and the results were shown in Fig. 6 (A1) 499 

and (A2). The release curve of CEO release in all films showed increasing trends until 500 

reached an equilibrium state during the test period, both in 50% ethanol solution and 501 

95% ethanol solution. It could be due to the migration of the CEO from the CS/GEL 502 

film matrix to the simulant solution (Ahammed et al., 2021). In addition, the release 503 

behavior showed that the release rates were affected by the concentration of CEO in 504 

the film matrix, which suggested that the controlled release can be achieved by altering 505 

the amounts of CEO (Zhang et al., 2022a). However, a significant release rate was 506 

observed between CF and BF in 50% ethanol solution. This result was mainly due to 507 

the collapse of the bilayer assembly film structure in 50% ethanol solution. The 50% 508 

ethanol solution system had more water, causing the film to swell and even dissolve to 509 

some extent. In high hydrophilic system, the spatial network structure of the BF with 510 

weak intermolecular interaction was more likely to be destroyed, resulting in the 511 

increase of the release rate of CEO. This result implied that control release can be 512 

achieved by regulating the content of the CEO-loaded Pickering emulsion and the 513 

biopolymer film system. 514 

3.4. Antimicrobial properties 515 
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Antibacterial properties of CEO-loaded Pickering emulsion CS/GEL were 516 

evaluated by determining the growth curve of the gram-negative pathogen (P. 517 

paralactis MN10) and gram-positive pathogen (L. Sakei VMR17), and observed 518 

morphology of bacteria by SEM. The details were shown in Fig.6 (B1) and (B2). The 519 

CEO-loaded Pickering emulsion CS/GEL films had a significant antimicrobial effect 520 

on P. paralactis MN10 and L. Sakei VMR17 Moreover, the CEO-loaded Pickering 521 

emulsion CS/GEL films seemed to inhibit effectively the growth of L. Sakei VMR17 522 

than P. paralactis MN10, due partially to the differences in the cell wall structure of 523 

Gram-positive bacteria and Gram-negative bacteria (da Silva et al., 2022). These 524 

results can be ascribed to the interaction between the active compounds in CEO 525 

(cinnamaldehyde, phellandrene, and other phenolic substances) and the cell membrane 526 

of bacteria, leading to disruption of cell structure (Zhang et al., 2022b). To explore the 527 

mechanism of action of CEO-loaded Pickering emulsion CS/GEL against the P. 528 

paralactis MN10 and L. Sakei VMR17, the morphology of bacteria was observed by 529 

SEM (Fig. 6 (C)). In the control group, the P. paralactis MN10 exhibited a short rod 530 

shape and the L. Sakei VMR17 showed a two- long section shape, and the surfaces 531 

were smooth of P. paralactis MN10 and L. Sakei VMR17. However, under the 532 

treatments of CEO-loaded Pickering emulsion CS/GEL films, the cell adhesion 533 

aggregation and surface depression of P. paralactis MN10 and L. Sakei VMR17 were 534 

observed. Some reports had attributed the mechanism of EOs to inhibit microbial 535 

proliferation to their ability of penetration, which refer to penetrate through bacterial 536 
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cell membranes into the interior of the cell (Rao, Chen, & McClements, 2019). These 537 

results stated that the CEO-loaded Pickering emulsion CS/GEL films had the potential 538 

as an antimicrobial biobased food packaging material. 539 

4. Conclusions 540 

In this work, biobased antimicrobial packaging was successfully fabricated by 541 

incorporating CEO-loaded Pickering emulsion within CS/GEL film. The CEO-loaded 542 

Pickering emulsion has an average particle size of 113.37 nm and exhibited excellent 543 

physical stability. The microstructures of prepared films presented that the CEO-loaded 544 

Pickering emulsion was uniformly disputed in the films. FTIR and WAXS analyses 545 

revealed that the CEO-loaded Pickering emulsion showed compatibility with CS/GEL 546 

composite matrix, and thus improved the thermal stability of films. In addition, the 547 

mechanical properties of CS/GEL composite films were improved by the addition of 548 

CEO-loaded Pickering emulsion. Moreover, barrier properties for water vapor and 549 

oxygen were improved with the incorporation of CEO-loaded Pickering emulsion. 550 

Additionally, the CEO-loaded Pickering emulsion CS/GEL films had effective 551 

antimicrobial against spoilage bacteria P. paralactis MN10 and L. Sakei VMR17 under 552 

the controlled release of CEO of prepared films. In conclusion, the incorporation of 553 

CEO-loaded Pickering emulsion was a promising approach to enhance the 554 

antimicrobial properties of CS/GEL films. The beneficial properties in this work 555 

supported that CEO-loaded Pickering emulsion CS/GEL films had the potential 556 

capacity for food active packaging.   557 
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Figure Caption 743 

Fig. 1 Size distribution (A), Turbiscan stability index (B) and confocal laser scanning 744 

microscopic (CLSM) images (C) of cinnamon essential oil (CEO) loaded (1%, v/v) 745 

Pickering emulsion. The CLMS images (C) with 200 times magnification displayed 746 

different observation status of CEO-loaded Pickering emulsion, including bright field 747 

(ⅰ), the channel at 488 nm excitation wavelength (ⅱ), the channel at 633 nm excitation 748 

wavelength (ⅲ) and stacked state of both 488nm and 633 nm channels (ⅳ). CEO phase 749 

(dyed by Nile Red) is denoted in red and the zein nanoparticle phase (dyed by Nile Blue) 750 

is in green, respectively. 751 

Fig. 2 Scanning electron microscope (SEM) of different contents (0, 5, 7.5, and 10 mL) 752 

cinnamon essential oil (CEO) loaded Pickering emulsion chitosan/gelatin composite 753 

films with 300 times magnification. While CF represents blend casting chitosan/gelatin 754 

films, BF represents bilayer assembly chitosan/gelatin films and the number represents 755 

the CEO-loaded Pickering emulsion contents (0, 5, 7.5, and 10 mL) that be added to 756 

films. 757 

Fig. 3 Appearance (A) and light transmittance (B1, B2) of different contents (0, 5, 7.5, 758 

and 10 mL) cinnamon essential oil (CEO) loaded Pickering emulsion chitosan/gelatin 759 

films. CF and BF represent blend casting and bilayer assembly chitosan/gelatin films, 760 

and the number represents the CEO-loaded Pickering emulsion contents (0, 5, 7.5, and 761 

10 mL) that be added to films. 762 

Fig. 4 FTIR (A), Wide-angle X-ray scattering (B), weight loss curves (C) and first order 763 

Jo
urn

al 
Pre-

pro
of



 

36 

 

derivative of weight loss curve (D) of different contents cinnamon essential oil (CEO) 764 

loaded Pickering emulsion (5, 7.5 and 10 mL) in chitosan/gelatin films. CF and BF 765 

represent blend casting and bilayer assembly chitosan/gelatin films, and the number 766 

represents the CEO-loaded Pickering emulsion content (mL) that be added to films. 767 

Fig. 5 Water vapor permeability (WVP) and of different contents (0, 5, 7.5, and 10 mL) 768 

cinnamon essential oil (CEO) loaded Pickering emulsion in blend casting 769 

chitosan/gelatin films (A1) and bilayer assembly chitosan/gelatin films (A2). Oxygen 770 

permeability (OP) of different contents (0, 5, 7.5, and 10 mL) cinnamon essential oil 771 

(CEO) loaded Pickering emulsion in blend casting chitosan/gelatin films (B1) and 772 

bilayer assembly chitosan/gelatin films (B2). Schematic diagram of water vapor and 773 

oxygen through the blend casting and bilayer assembly of chitosan/gelatin films (C). 774 

CF and BF represent blend casting and bilayer assembly chitosan/gelatin films, and the 775 

number represents the CEO-loaded Pickering emulsion contents (0, 5, 7.5, and 10 mL) 776 

that be added to films. Different superscripts within a column indicate significant 777 

differences (P < 0.05).  778 

Fig. 6 The release behavior of cinnamon essential oil (CEO) in CEO-loaded Pickering 779 

emulsion chitosan/gelatin films to different food simulants. 50% ethanol solution 780 

simulated as semi-fatty foodstuffs (A1) and 95% ethanol solution simulated as fatty 781 

foodstuffs (A2), respectively. Growth profiles of P. paralactis MN10 (B1) and L.sakei 782 

VMR17 (B2) under treatment of different CEO-loaded Pickering emulsion 783 

chitosan/gelatin films. And the morphology of P. paralactis MN10 and L.sakei VMR17 784 
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under different treatments by scanning electron microscope with 20000 times 785 

magnification.   786 
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Fig. 1 787 
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Fig. 2 789 
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Fig. 3 791 
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Fig. 4 793 
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Fig. 5 795 
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Fig. 6 797 
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Table 1 Thickness, tensile strength (TS), elongation at break (EAB), water content 799 

(WC), and water solubility (WS) of films. 800 

Samples Thickness (μm) TS (MPa) EAB (%) WC (%) WS (%) 

CF0 66.61±4.27e 12.96±0.98a 3.95±0.50c 28.04±0.26b 41.38±0.48a 

CF5 67.52±3.61de 9.91±1.06b 5.17±0.06c 24.07±0.26cd 36.14±1.36b 

CF7.5 68.24±2.93de 9.50±0.48b 5.27±0.49c 22.96±0.38d 34.34±0.34bc 

CF10 74.81±3.34ab 9.58±0.48b 5.69±0.32c 19.44±0.93e 32.16±0.76bc 

BF0 69.85±2.86cde 8.16±0.25c 30.03±0.66b 32.97±1.72ab 35.86±0.14b 

BF5 70.24±1.83cd 6.60±0.31de 30.47±2.83ab 29.23±2.18b 33.06±1.48bc 

BF7.5 72.14±3.83bc 6.35±0.56e 32.31±1.86a 27.30±0.62c 30.50±2.84c 

BF10 78.03±4.07a 6.58±0.25de 33.63±1.16a 20.94±0.94de 29.26±1.99c 

Different superscripts in the same column indicate significant differences among films (P < 0.05). 801 

CF and BF represent blend casting and bilayer assembly chitosan/gelatin films, and the number 802 

represents the cinnamon-loaded Pickering emulsion contents (0, 5, 7.5, and 10mL) that be added 803 

to films.  804 
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Highlights 

⚫ Pickering emulsion as antimicrobial agent delivery system. 

⚫ CEO-loaded Pickering emulsion was incorporated into CS/GEL complex films. 

⚫ Mechanical and barrier properties of prepared films were enhanced. 

⚫ The antimicrobial activities and control release behavior of films were shown. 
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