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Abstract

:

The worsening environment and the demand for safer food have accelerated the development of new food packaging materials. The objective of this research is to prepare antimicrobial food packaging film with controlled release by loading cinnamaldehyde (CIN) on etched halloysite nanotubes (T-HNTs) and adding it to sodium alginate (SA) matrix. The effects of T-HNTs-CIN on the physical functional properties and antibacterial activity of the film were systematically evaluated, and the release of CIN in the film was also quantified. Transmission electron microscopy and nitrogen adsorption experiments showed that the halloysite nanotubes had been etched and CIN was successfully loaded into the T-HNTs. The addition of T-HNTs-CIN significantly improved the water vapor barrier properties and tensile strength of the film. Similarly, the presence of T-HNTs-CIN in the film greatly reduced the negative effects of ultraviolet rays. The release experiment showed that the diffusion time of CIN in SA/T-HNTs-CIN film to fatty food simulation solution was delayed 144 h compared with that of SA/CIN film. Herein, the antibacterial experiment also confirmed the controlled release effect of T-HNTs on CIN. In conclusion, SA/T-HNTs-CIN film might have broad application prospects in fatty food packaging.
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1. Introduction


In recent years, the need to coordinate the growing environmental pollution problems with technological progress has become very urgent [1]. Hence, the use of biodegradable polymer materials to develop functional food packaging materials has been widely concerned and studied, in order to reduce environmental pollution and meet people’s needs for active food packaging [2,3]. Among many biopolymers, alginate, as a carbohydrate, is often used as a raw material for biodegradable food packaging, which has the characteristics of low cost, good biocompatibility, and excellent film-forming properties [4,5]. Sodium alginate (SA) is a naturally linear water-soluble polysaccharide extracted from brown algae, which is composed of β-d-mannuronic acid and α-l-guluronic acid (1–4) linking units [6,7]. SA has been widely used in the field of food packaging and biomedical fields because of its low price, easy access, and easy processing. As a food packaging material, SA has advantages, such as good mechanical properties and high transparency [8,9].



Pathogenic microorganisms can cause food spoilage and food-borne diseases, as well as consumers’ concerns about chemical residues in food, making the food industry more and more concerned about the research of natural antibacterial agents in food packaging [10,11]. In order to maximize the function of packaging, extend the use period of food and protect consumers from the threat of food-borne disease outbreaks, antibacterial active substances (such as essential oils) are usually added to increase its function [12]. Cinnamon essential oil is widely used in the field of food, which can be used to protect food without causing harm to human health. There have been many studies that add cinnamon essential oil to food packaging as an antimicrobial agent for food preservation [13,14]. Cinnamaldehyde (CIN) has been approved by the Food and Drug Administration (FDA) and can be used in food products. It is the main ingredient extracted from cinnamon essential oil, which is not only harmless, but also has a broad spectrum of antibacterial and antifungal activities [15]. However, it must be taken into account that CIN is liquid and volatile at room temperature, which is a severe challenge we are currently facing. In this regard, there have been many solutions, such as using porous and other special structure carriers to load active compounds or encapsulating the active substance in chitosan or cyclodextrin [16,17]. In this context, it is one of the most convenient strategies to load CIN with nanoparticles of special structure, which can not only reduce CIN volatilization losses, but also impart the characteristics of nanoparticles to the food packaging system.



Among many nanoparticle carriers, halloysite nanotubes (HNTs) have aroused great interest of researchers due to their ability to trap, protect, and control the release of active substances [18]. HNTs, whose chemical formula is Al2Si2O5(OH)4.nH2O, which is a subgroup of kaolin. In addition, HNTs have been listed by the FDA as a safe food packaging material [19]. HNTs can be used as a carrier for drug delivery in the medical field because of their unique hollow tubular structure, low cost, and good biocompatibility [12,20]. In particular, HNTs have been shown to have higher adsorption capacity than montmorillonite [21]. Moreover, it has been shown that the addition of HNTs as fillers can improve the barrier and mechanical properties of polymers [10].



The purpose of this study is to develop SA antibacterial composite film with controlled release. The lumen of the original HNTs is limited in volume, and the enlargement of the pores will allow more active chemicals to be loaded. Therefore, in this study, HNT were etched with sulfuric acid to further increase its drug loading, and then CIN was loaded on acidified nanoparticles (T-HNTs) to prepare composite film by method of solution casting. The effects of T-HNTs loaded with CIN on the microstructure, barrier performance, transparency, and antibacterial properties of the composite film were studied, and the release behavior of CIN in the composite film was also investigated.




2. Material and Methods


2.1. Materials


Sodium alginate (SA) was obtained from Zhejiang Yinuo Biotechnology Company (Lanxi, China). Halloysite nanotubes (HNTs) were purchased from Xi’an Mingda Biotechnology Co., Ltd. (Xi’an, China), with a purity of 99.96%. Sigma-Aldrich (St. Louis, MO, USA) provided the use of glycerin (MW = 92.09). Cinnamaldehyde (CIN) (Purity 98%) was purchased from Shanghai Macklin Biotech Co., Ltd. (Shanghai, China) The manufacturer of the analytical pure sulfuric acid was the Xilong Chemical Factory in Shantou, Guangdong. The other reagents used in this experiment were all of analytical grade.




2.2. Etching of HNTs


The etching of HNTs was mainly based on the method of Abdullayev et al., and some changes were made in the process of implementation [22]. Five grams of HNTs were added to 500 mL of sulfuric acid (1.0 M) and the dispersion was stirred and kept at 60 °C for 30 h. The treated HNTs (T-HNTs) were then washed with deionized water five times until their pH range was between 6 and 7. Finally, the samples were dried at 50 °C for 24 h and crushed into powder with a mortar.




2.3. Fabrication of T-HNTs-CIN Nanoparticles


The method of T-HNTs loading CIN was mainly modified and implemented by referring to the method of Zou et al. [23]. T-HNTs and CIN were mixed in 30 mL anhydrous ethanol solution, stirred overnight, and then treated with ultrasound for 15 min. The suspension was vacuumed twice for 15 min to remove air to encapsulate CIN into the cavity of HNT. Finally, the suspension was centrifuged to obtain CIN-loaded nanoparticles (T-HNTs-CIN) and dried at room temperature for 24 h.




2.4. Preparation of the SA Composite Film


The nanocomposite film was prepared by the solution casting method. First, 2 g sodium alginate powder was dissolved in 100 mL of distilled water containing glycerol (30 wt% relative to SA) and bathed in water at 50 °C for 30 min to prepare the sodium alginate solution. SA/T-HNTs-CIN dispersion was obtained by dispersing the T-HNTs-CIN nanoparticles in sodium alginate solution by loading a certain amount of CIN on T-HNT (5% by weight relative to SA). Simultaneously, the same amount of T-HNTs (5% by weight relative to SA) or CIN (The amount of CIN supported by 5 wt% T-HNTs) was added to the sodium alginate as the control. The prepared dispersions were poured into the polytetrafluoroethylene plate and dried at room temperature for 36 h to form the film. Then, 1% w/v CaCl2 solution was poured onto the film so that the film was completely covered by the solution. After the reaction for one minute, the CaCl2 solution was poured out and washed twice with distilled water. Finally, after drying for 48 h at room temperature, it was stored in a desiccator at 25 °C and 50% relative humidity. The manufactured films were identified as SA, SA/CIN, SA/T-HNTs, and SA/T-HNTs-CIN, respectively.




2.5. Characterization of Nanoparticles


Field emission transmission electron microscopy (TEM, Tecnai G2 F30 S-Twin) was used to photograph the morphological differences between HNTs and etched HNTs. The nanoparticles were first dispersed in an ethanol solution ultrasonically for 5 min, and then dropped on the surface of the copper grid to be observed after drying.



The change in the porous structure of the nanoparticles was measured by the Micromeritics ASAP2020 system. Before the experiment, the sample was vacuum degassed at 250 °C for 8 h. The specific surface area and pore size distribution of the sample were determined according to the Brunauer Emmett Teller (BET) method and the Barret-Joyner-Halenda (BJH) method, respectively.




2.6. Film Thickness


The thickness of the prepared film was measured by randomly selecting five positions with a micrometer (Ningbo Deli Co., Ltd., Ningbo, China), and the accuracy was 0.001 mm.




2.7. Microscopic Images


The surface of the SA composite film sample was plated with a layer of gold, and then placed in a vacuum environment to observe the surface morphology of the prepared sample using a field emission scanning electron microscope (SEM, NOVA NANOSEM-450, FEI Co., Ltd., Hillsboro, OR, USA)




2.8. Water Vapor Permeability (WVP)


The ability of SA film to block water vapor was measured referring to ASTM E96-95 standard method. Twelve grams of anhydrous silica were put into the weighing cup. The prepared film was cut to a uniform size to seal the rim of the measuring cup. Finally, the weighing cup was placed in a desiccator at 25 °C and 50% relative humidity. The samples were placed in a desiccator to measure the weight of the weighing cup at an interval of 1 h for a total of 12 h, and three samples were set in parallel for each type.




2.9. Mechanical Properties


The mechanical properties of the SA composite film are measured by using a microcomputer electronic tensile testing machine (QLW-5E, Xiamen Qunlong Instrument Co., Ltd., Xiamen, China) to obtain its tensile strength and elongation at break. The stretching speed parameter of the equipment was set at 50 mm/min. The determination of each type of film was repeated five times, and each repetition was from a different sampling unit.




2.10. Light Transmittance and Opacity of Film


The transmittance of SA composite film in ultraviolet (UV) and visible light region was determined by double beam ultraviolet spectrophotometer. The detailed determination method was based on Achachlouei et al. [24]. The film sample was cut into rectangular pieces and installed in a quartz cuvette for spectrum measurement. The wavelength of measurement was selected as 200–800 nm. The opacity of the film can be calculated by Equation (1).


  Opacity =  (  lg  (  1 / T  )   )  / d  



(1)




where  T  is the light transmittance of the film at 600 nm, and d is the thickness of the sample. The measurements were repeated three times for each type of film.




2.11. The Sustained-Release of CIN in Film in Food Simulants


The CIN release from the SA nanocomposite film was assessed following a method adapted from Muller et al. [25]. Sodium alginate is a hydrophilic colloid. When the sodium alginate composite film is in contact with water or aqueous solution, its matrix structure will change. Therefore, isooctane was selected as the food simulant in this experiment. The film, weighing about 2 g, was immersed in 1 L of isooctane solution at 20 °C. A total of 1 mL solution was taken out from the food simulation solution at certain intervals (1 mL of isooctane solution was supplemented after taking it out), and the content of CIN in the solution was measured by a dual-beam UV-Vis spectrophotometer with a wavelength of 279 nm. At the same time, SA/CIN and SA/T-HNTs-CIN corresponding film without CIN were used as controls, and three parallel films were set for each sample. The cumulative release rate of CIN in the film can be calculated by Equation (2).


   C     ( % )  = ( C × V × k /  C 0  × m ) × 100  



(2)




where  C  is the cumulative release rate of CIN (%),  C  is the concentration of CIN in isooctane at t (mg/mL),  V  is the volume of isooctane solution (mL),  k  is the dilution factor of the solution,    C 0    is the initial concentration of CIN (mg/mL), and  m  is the amount of film (mg).




2.12. In Vitro Antibacterial Activity of the Film in the Release Experiment


In order to assess the antimicrobial properties of the manufactured film, a slight modification of the previous method was used [26]. Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) (both of which were provided by the Microbiology Laboratory of the Faculty of Agriculture and Food Engineering, Kunming University of Science and Technology, Yunnan, China) were stored at −80 °C. The specific operation process of the antibacterial experiment was as follows. First, the long-term stored S. aureus and E. coli were inoculated with tryptic soy broth (TSB) medium. This step was then repeated to activate the activity of both strains. Then, 100 μL of the activated bacterial solution was added to a 10 mL TSB medium containing 0.2 g of sample, so that the bacterial solution concentration in the medium was about 105 CFU/mL. Subsequently, the bacterial solution containing the sample was cultured on a shaker for 12 h, the temperature was set to 37 °C, and the speed was 180 rpm. After the time was up, the bacterial liquid was evenly diluted and spread in tryptic soy agar medium and placed in an incubator at 37 °C. After 18–24 h of colony culture, the number of colonies was calculated. In particular, the sample was regularly taken out of the food simulant and wiped dry for the antibacterial test during the release experiment. Each sample was repeated for three times.




2.13. Statistical Analysis


The data were analyzed by one-way analysis of variance (ANOVA) using SPSS 21.0 (Chicago, IL, USA), followed by Duncan’s multiple comparison test at 95% confidence level.





3. Results and Discussion


3.1. Characterization of Nanoparticles


TEM images of the pristine HNTs and the treated HNTs nanoparticles are shown in Figure 1. Both HNTs and T-HNTs are cylindrical, with a central transparent region extending lengthwise along the nanotubes, indicating that the HNTs are hollow and open. No significant changes are observed in the tube length of HNTs and T-HNTs. Interestingly, after HNTs were treated with sulfuric acid, the inner lumen was clearly etched, and their inner diameters were significantly increased by about 10–20 nm. This indicated that sulfuric acid treatment resulted in an increase in the inner diameter of HNTs.



The porous structure parameters of HNTs, T-HNTs, and T-HNTs-CIN are shown in Table 1. After HNT was etched by sulfuric acid, its specific surface area increased from 25.50 to 76.61 m2/g, and its pore volume increased from 0.30 to 0.39 m3/g, which were consistent with the TEM observation results. The same trend was found for average pore size of HNTs. The selective dissolution of the AlO6 octahedral layer in the inner cavity of HNTs and the decomposition of silica would cause the increase of the specific surface area and pore volume of HNTs [27]. Garcia-Garcia et al. found the same trend when treating halloysite nanotubes with acid [28]. CIN itself is volatile, and samples need to be degassed before measurement, which will cause a certain error between the actual measurement result and the theoretical value (the actual measurement result is less than the theoretical value). If the CIN was not successfully loaded onto the T-HNTs, the specific surface area of the T-HNTs-CIN did not change significantly. The actual results showed that the specific surface area and pore volume of the T-HNTs-CIN increased compared with the HNT, but decreased compared with the T-HNTs, indicating that the CIN was successfully loaded onto the T-HNTs.




3.2. Surface Morphology of Composite Film


Figure 2 illustrates the surface morphology of four different formulations of SA film. Figure 2a is the SA film, the surface of which is uniform and smooth. The presence of CIN in the SA matrix did not significantly affect the surface of the matrix. However, when T-HNTs were added to the SA matrix, many uniformly distributed white spots appeared on the surface of SA/T-HNTs film. Similarly, SA/T-HNTs-CIN film showed the same phenomenon. This implied that there was no significant difference between T-HNTs and CIN-loaded T-HNTs on the surface morphology of the SA film.




3.3. WVP


The key factor in evaluating the feasibility of composite materials in food preservation is to determine the WVP value of composites. During food preservation, edible or biodegradable film can be used to reduce the transfer of moisture from the environment to the inside of the package [29]. The WVP values of neat SA film, as well as the SA nanocomposite film, are shown in Table 2. The WVP value of SA film is 38.2 × 10−2 g mm/h KPa m2. The barrier of SA composite film to water vapor was significantly enhanced after incorporation of CIN or T-HNTs. When CIN was immobilized on T-HNTs and then incorporated into SA matrix, the WVP value of SA/T-HNTs-CIN film was reduced by 14.7% compared with that of SA film. There are many factors that affect the barrier properties of the film, such as the hydrophobicity, the structure, and the compatibility of the material. CIN is inherently hydrophobic, and its addition might increase the hydrophobic/hydrophilic ratio of the film [30]. As a high aspect ratio aluminosilicate mineral, HNTs have barrier properties to water vapor. HNTs dispersed in the matrix might make the path of water molecules through the matrix become tortuous [10]. All of these might be the reasons for the decrease of WVP value of the film. Yousefi et al. added halloysite nanotubes and Origanum vulgare essential oil to the film matrix, which also improved the water resistance of the film [29].




3.4. Mechanical Properties


The effect of T-HNTs nanoparticles loaded with CIN on the mechanical properties of SA composite film was studied. As presented in Table 3, it was evident that with the addition of T-HNTs-CIN nanoparticle, the tensile strength (TS) of the SA/T-HNTs-CIN nanocomposite film improved, and its TS value was increased by 20.8% compared to the SA film. This was similar to the effect of halloysite nanotubes on the mechanical properties of carrageenan/gelatin films previously published by Akrami-Hasan-Kohal et al. [31]. The potential strain-induced arrangement of the clay particle layer in the polymer matrix and the interaction between the polymer and the hydrogen bonds in the clay minerals might contribute to the improvement of the tensile properties of the film [32,33]. The elongation at break (ε) of the film was not changed significantly by the T-HNTs-CIN nanoparticle addition. However, the addition of CIN significantly increased the flexibility of the film. Ahmed et al. also reported that adding clove essential oil to the film matrix increased the flexibility of the film [34]. The presence of the CIN in the SA matrix might hinder the polymer–polymer intermolecular attraction [35]. However, CIN was added to the SA matrix after being loaded by T-HNTs, and most of the CIN was present in the T-HNTs, thereby reducing the plasticizing effect of CIN.




3.5. Light Transmittance and Opacity of Film


The UV-visible spectrum for SA nanocomposite film is displayed in Figure 3. It can be seen that SA film exhibited high light transmittance in both UV and visible regions, especially in the 300–800 nm region with a high light transmittance of more than 80%. The light transmittance of SA/CIN film at 240–300 nm was significantly lower than that of SA film. The anti-UV effect of CIN might be its own aromatic compound, and its chemical bond could absorb UV light [26]. Ahmed et al. had previously found a similar phenomenon in the study of polylactide/cinnamon oil composite films [36]. Moreover, as can be seen from curves c and d in Figure 2, the transmittance of the composite film at all wavelengths was greatly reduced after the addition of T-HNTs in SA film.



Table 4 shows the transmittance values of the composite films at 240 (UV-C), 300 (UV-B), 360 (UV-A), and 600 nm (visible light) as well as the opacity of different formulation film. The light transmittances of SA film at 240, 300, 360, and 600 nm are 69.5, 81.8, 85.0, and 87.4%, respectively, and the transmittance value after the addition of T-HNTs-CIN decreased to 22.8, 40.9, 50.1, and 66.1%, respectively. This might be due to the combined action of T-HNTs and CIN. The presence of T-HNTs in the film matrix might block or diffract the light, thus affecting the transmittance of light at all wavelengths [8]. Huang et al. also found a similar phenomenon when halloysite was added during the preparation of agar-based nanocomposite films [37]. The transparency of SA composite film decreased with the addition of HNTs. At the same time, the color of the film was whitened by the addition of the white powder HNTs. It is noteworthy that the addition of T-HNTs-CIN resulted in a greater reduction in the transmittance of UV light than that of visible light. This means that by preparing the composite film with T-HNTs-CIN, the UV barrier properties can be improved without sacrificing the transparency of SA film. The nanocomposite film with high ultraviolet shielding performance has high application potential as a transparent ultraviolet blocking packaging material.




3.6. Slow-Release Behavior of the CIN in Food Simulants


Isooctane was used as food simulant to simulate food with hydrophobic fats. The cumulative release of CIN by the SA film without T-HNTs and the SA film with T-HNTs in food simulant are shown in Figure 4.



The whole process of the release experiment was carried out under stable environmental conditions (temperature of 20 °C, relative humidity 75%). The SA/CIN and SA/T-HNTs-CIN film in food simulant released most of CIN in the first 24 h, and the cumulative release of SA/CIN film was higher (58.95%), which was significantly higher than SA/T-HNTs-CIN film (28.57%). Subsequently, the release rate of CIN in the two films slowed down significantly. Finally, the release of CIN from SA/CIN film reached a peak of 59.97% at 72 h, and the release amount of CIN was about 16.64 mg, while the release of SA/T-HNTs-CIN film reached a stable level at 216 h, and the cumulative release of film stabilized at 60.31% (The release of CIN was about 17.44 mg). The presence of T-HNTs in SA/T-HNTs-CIN film slowed down the release rate of CIN, which in turn delayed the time when CIN reached stability. Shen et al. prepared novel sodium alginate-based double network hydrogel spheres after loading urea on HNTs, which reduced the release rate of urea [38]. The release of CIN in the SA composite film matrix into the food simulant is affected by many factors. First, the liquid molecules in the solvent diffuse from the outer surface of the film into the matrix of the SA composite film. Then, the polymer matrix network relaxes due to the presence of the solvent in the film matrix. Lastly, CIN is released from the relaxed polymer matrix into the food simulating liquid until the thermodynamic equilibrium between the SA composite film and the food simulating liquid is reached. Of course, the last step is influenced not only by mass transfer, but also by the interaction between the volatile compounds and the matrix [25,39].



According to the steps described above for the release of the active compound from the SA composite film matrix, and in combination with the release curves of the two film systems in food simulation solution, it can be seen that the release rate of the SA composite film supported by T-HNTs was significantly slower than that of the SA/CIN film. This observed behavior could be explained by the retarded release of CIN by T-HNTs. The loading of CIN by T-HNTs was mainly the adsorption of intracavity and external surface of T-HNTs to CIN [40]. This increased the mass transfer steps of CIN in the release process, thereby prolonging the release time of CIN. Compared with CIN directly added to SA matrix, CIN was added to SA matrix in a HNTs loaded manner, and CIN was better protected to maintain its activity through the action of HNTs carrier, and the release time of CIN from the controlled release system was prolonged, thus maximizing the function of CIN. Therefore, it can be concluded that the presence of HNTs in SA/T-HNTs-CIN film controlled release system could effectively alleviate the initial burst release of CIN and prolong the action time of CIN. The SA/T-HNTs-CIN film slow-release system might have a good application prospect in the packaging of fatty foods.




3.7. In Vitro Antibacterial Activity of the Film in the Release Experiment


The effects of the manufactured film on the antibacterial activity of typical food-borne pathogens (S. aureus and E. coli) were investigated, and the results are shown in Figure 5. As expected, the presence of T-HNTs in the film matrix has no antibacterial activity against S. aureus and E. coli. However, on day 0 of the experiment, SA/CIN and SA/T-HNTs-CIN film decreased by 1.34 and 1.35 Log10CFU/mL, respectively, compared to the control group. This might be attributed to the presence of CIN in the polymer matrix. A large number of previous studies have shown that CIN had inhibitory effects on the growth of a variety of bacteria, because CIN might damage the cell membrane of bacteria, leading to changes in cytoplasmic leakage and membrane permeability [41,42]. Similarly, for E. coli, the number of colonies in the film containing CIN was significantly reduced by 0.65 and 0.57 Log10CFU/mL, respectively, compared with the control group. Interestingly, we found that S. aureus was more susceptible to CIN inhibition than E. coli. This phenomenon could be attributed to the fact that the cell wall of E. coli (Gram-negative bacterium) has an extra layer of lipopolysaccharide outer membrane than that of S. aureus (gram-positive bacterium). The lipopolysaccharide outer membrane has a good barrier effect on hydrophobic substances (CIN). Although it cannot completely block hydrophobic compounds, it limits the penetration of CIN into microbial cells and reduces the inhibitory effect [43].



In addition, with the increase of release time, the bacteriostatic effect of the film containing CIN on the two kinds of bacteria became less and less. There was no significant difference between SA/CIN film and SA in the colony count of S. aureus on the second day. However, the SA/T-HNTs-CIN film showed no significant difference in the number of colonies from the SA/T-HNTs film on 7 days. The same trend was observed for E. coli, where CIN was fixed by T-HNTs and then added to SA matrix, and the bacteriostatic duration was extended by 4 days compared with SA/CIN films. These results confirmed that the SA/T-HNTs-CIN film had a controlled release effect on CIN, successfully alleviating the interaction between the active compound and the surrounding environment and making it release slowly. This packaging system can be used as a new and promising alternative to renewable food packaging. Of course, future research in this area should focus more on increasing the loading of active substances or using multiple loading systems to improve their applicability.





4. Conclusions


In this work, the HNTs were etched and then loaded with CIN, and the food functional packaging film with continuous release and antibacterial activity were prepared by solvent volatilization. It was confirmed that the cavities of HNTs were etched and their specific surface area increased significantly after sulfuric acid treatment. CIN was first loaded by T-HNTs and then added to SA matrix, which greatly improved the mechanical properties of the film and the barrier property of water vapor. In addition, the combined effect of T-HNTs and CIN could increase the UV shielding effect while losing less transparency. In the release experiment, the SA/T-HNTs-CIN film could be released continuously in the fatty food simulation solution for 216 h, which was 144 h longer than that of SA/CIN film. The antibacterial activity of SA/T-HNTs-CIN film against S. aureus and E. coli was longer by five days and four days than that of SA/CIN film without T-HNTs.







Author Contributions


Conceptualization, R.C. and Y.Q.; methodology, M.Y. (Mingwei Yuan) and M.Y. (Minglong Yuan); formal analysis, R.C. and B.Z.; investigation, R.C. and J.Y.; resources, G.C.; data curation, M.Y. (Mingwei Yuan); writing—original draft preparation, R.C. and Y.Q.; writing—review and editing, R.C. and B.Z.; All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (No. 32060569 and 21576126), Yunnan Province “Thousand Talents Program” project training project (YNQR-CYRC-2018-012) and Major Science and Technology Project of Yunnan Province, China (2019ZF010).




Conflicts of Interest


The authors declare no competing financial interest.




References


	



Lisuzzo, L.; Cavallaro, G.; Milioto, S.; Lazzara, G. Layered composite based on halloysite and natural polymers: A carrier for the pH controlled release of drugs. New J. Chem. 2019, 43, 10887–10893. [Google Scholar] [CrossRef]

	



Duncan, T.V. Applications of nanotechnology in food packaging and food safety: Barrier materials, antimicrobials and sensors. J. Colloid Interface Sci. 2011, 363, 1–24. [Google Scholar] [CrossRef] [PubMed]

	



Rhim, J.-W.; Park, H.-M.; Ha, C.-S. Bio-nanocomposites for food packaging applications. Progr. Polym. Sci. 2013, 38, 1629–1652. [Google Scholar] [CrossRef]

	



Norajit, K.; Kim, K.M.; Ryu, G.H. Comparative studies on the characterization and antioxidant properties of biodegradable alginate films containing ginseng extract. J. Food Eng. 2010, 98, 377–384. [Google Scholar] [CrossRef]

	



Abdollahi, M.; Alboofetileh, M.; Rezaei, M.; Behrooz, R. Comparing physico-mechanical and thermal properties of alginate nanocomposite films reinforced with organic and/or inorganic nanofillers. Food Hydrocoll. 2013, 32, 416–424. [Google Scholar] [CrossRef]

	



King, A.H. Brown seaweed extracts (alginates). Food Hydrocoll. 1983, 2, 115–188. [Google Scholar]

	



Rhim, J.W. Physical and mechanical properties of water resistant sodium alginate films. Lebensm. Wiss. Technol. Food Sci. Technol. 2004, 37, 323–330. [Google Scholar] [CrossRef]

	



Shankar, S.; Kasapis, S.; Rhim, J.-W. Alginate-based nanocomposite films reinforced with halloysite nanotubes functionalized by alkali treatment and zinc oxide nanoparticles. Int. J. Biol. Macromol. 2018, 118, 1824–1832. [Google Scholar] [CrossRef]

	



Kumar, A.; Rao, K.M.; Han, S.S. Development of sodium alginate-xanthan gum based nanocomposite scaffolds reinforced with cellulose nanocrystals and halloysite nanotubes. Polym. Test. 2017, 63, 214–225. [Google Scholar] [CrossRef]

	



Lee, M.H.; Kim, S.Y.; Park, H.J. Effect of halloysite nanoclay on the physical, mechanical, and antioxidant properties of chitosan films incorporated with clove essential oil. Food Hydrocoll. 2018, 84, 58–67. [Google Scholar] [CrossRef]

	



Krepker, M.; Shemesh, R.; Poleg, Y.D.; Kashi, Y.; Vaxman, A.; Segal, E. Active food packaging films with synergistic antimicrobial activity. Food Control 2017, 76, 117–126. [Google Scholar] [CrossRef]

	



Lee, M.H.; Seo, H.-S.; Park, H.J. Thyme Oil Encapsulated in Halloysite Nanotubes for Antimicrobial Packaging System. J. Food Sci. 2017, 82, 922–932. [Google Scholar] [CrossRef]

	



Loke, X.-J.; Shemesh, R.; Poleg, Y.D.; Kashi, Y.; Vaxman, A.; Segal, E. Plasma-treated polyethylene coated with polysaccharide and protein containing cinnamaldehyde for active packaging films and applications on tilapia (Orechromis niloticus) fillet preservation. Food Control. 2021, 125, 117–126. [Google Scholar] [CrossRef]

	



Chuesiang, P.; Sanguandeekul, R.; Siripatrawan, U. Enhancing effect of nanoemulsion on antimicrobial activity of cinnamon essential oil against foodborne pathogens in refrigerated Asian seabass (Lutes calcarifer) fillets. Food Control 2021, 122, 107782. [Google Scholar] [CrossRef]

	



Otoni, C.G.; de Moura, M.R.; Aouada, F.A.; Camilloto, G.P.; Cruz, R.S.; Lorevice, M.V.; de F F Soares, N.; Mattoso, L.H.C. Antimicrobial and physical-mechanical properties of pectin/papaya puree/cinnamaldehyde nanoemulsion edible composite films. Food Hydrocoll. 2014, 41, 188–194. [Google Scholar] [CrossRef]

	



Zhang, R.; Cheng, M.; Wang, X.; Wang, J. Bioactive mesoporous nano-silica/potato starch films against molds commonly found in post-harvest white mushrooms. Food Hydrocoll. 2019, 95, 517–525. [Google Scholar] [CrossRef]

	



Zhou, Z.M.; Liu, Y.; Liu, Z.; Fan, L.; Dong, T.; Jin, Y.; Saldana, M.D.A.; Sun, W. Sustained-release antibacterial pads based on nonwovens polyethylene terephthalate modified by beta-cyclodextrin embedded with cinnamaldehyde for cold fresh pork preservation. Food Packag. Shelf Life 2020, 26, 100554. [Google Scholar] [CrossRef]

	



Massaro, M.; Barone, G.; Biddeci, G.; Cavallaro, G.; di Blasi, F.; Lazzara, G.; Nicotra, G.; Spinella, C.; Spinelli, G.; Riela, S. Halloysite nanotubes-carbon dots hybrids multifunctional nanocarrier with positive cell target ability as a potential non-viral vector for oral gene therapy. J. Colloid Interface Sci. 2019, 552, 236–246. [Google Scholar] [CrossRef]

	



Lee, M.H.; Park, H.J. Preparation of halloysite nanotubes coated with Eudragit for a controlled release of thyme essential oil. J. Appl. Polym. Sci. 2015, 132. [Google Scholar] [CrossRef]

	



Abdullayev, E.; Price, R.; Shchukin, D.; Lvov, Y. Halloysite Tubes as Nanocontainers for Anticorrosion Coating with Benzotriazole. ACS Appl. Mater. Interface 2009, 1, 1437–1443. [Google Scholar] [CrossRef]

	



Zhong, B.; Wang, S.; Dong, H.; Luo, Y.; Jia, Z.; Zhou, X.; Chen, M.; Xie, D.; Jia, D. Halloysite Tubes as Nanocontainers for Herbicide and Its Controlled Release in Biodegradable Poly(vinyl alcohol)/Starch Film. J. Agric. Food Chem. 2017, 65, 10445–10451. [Google Scholar] [CrossRef] [PubMed]

	



Abdullayev, E.; Joshi, A.; Wei, W.; Zhao, Y.; Lvov, Y. Enlargement of Halloysite Clay Nanotube Lumen by Selective Etching of Aluminum Oxide. ACS Nano 2012, 6, 7216–7226. [Google Scholar] [CrossRef] [PubMed]

	



Zou, Y.; Zhang, C.; Wang, P.; Zhang, Y.; Zhang, H. Electrospun chitosan/polycaprolactone nanofibers containing chlorogenic acid-loaded halloysite nanotube for active food packaging. Carbohydr. Polym. 2020, 247, 116711. [Google Scholar] [CrossRef]

	



Achachlouei, B.F.; Zahedi, Y. Fabrication and characterization of CMC-based nanocomposites reinforced with sodium montmorillonite and TiO2 nanomaterials. Carbohydr. Polym. 2018, 199, 415–425. [Google Scholar] [CrossRef]

	



Muller, J.; Quesada, A.C.; Gonzalez-Martinez, C.; Chiralt, A. Antimicrobial properties and release of cinnamaldehyde in bilayer films based on polylactic acid (PLA) and starch. Eur. Polym. J. 2017, 96, 316–325. [Google Scholar] [CrossRef]

	



Cui, R.; Jiang, K.; Yuan, M.; Cao, J.; Li, L.; Tang, Z.; Qin, Y. Antimicrobial film based on polylactic acid and carbon nanotube for controlled cinnamaldehyde release. J. Mater. Res. Technol. Jmr T 2020, 9, 10130–10138. [Google Scholar] [CrossRef]

	



Zhang, A.-B.; Pan, L.; Zhang, H.; Liu, S.; Ye, Y.; Xia, M.; Chen, X. Effects of acid treatment on the physico-chemical and pore characteristics of halloysite. Colloids Surf. Physicochem. Eng. Asp. 2012, 396, 182–188. [Google Scholar] [CrossRef]

	



Garcia-Garcia, D.; Ferri, J.M.; Ripoll, L.; Hidalgo, M.; Lopez-Martinez, J.; Balart, R. Characterization of selectively etched halloysite nanotubes by acid treatment. Appl. Surf. Sci. 2017, 422, 616–625. [Google Scholar] [CrossRef]

	



Echeverría, I.; Lopez-Caballero, M.E.; Gomez-Guillen, M.C.; Mauri, A.N.; Montero, M.P. Structure, Functionality, and Active Release of Nanoclay–Soy Protein Films Affected by Clove Essential Oil. Food Bioprocess. Technol. 2016, 9, 1937–1950. [Google Scholar] [CrossRef]

	



Yousefi, P.; Hamedi, S.; Garmaroody, E.R.; Koosha, M. Antibacterial nanobiocomposite based on halloysite nanotubes and extracted xylan from bagasse pith. Int. J. Biol. Macromol. 2020, 160, 276–287. [Google Scholar] [CrossRef]

	



Akrami-Hasan-Kohal, M.; Ghorbani, M.; Mahmoodzadeh, F.; Nikzad, B. Development of reinforced aldehyde-modified kappa-carrageenan/gelatin film by incorporation of halloysite nanotubes for biomedical applications. Int. J. Biol. Macromol. 2020, 160, 669–676. [Google Scholar] [CrossRef] [PubMed]

	



Casariego, A.; Souza, B.W.S.; Cerqueira, M.A.; Teixeira, J.A.; Cruz, L.; Diaz, R.; Vicente, A.A. Chitosan/clay films’ properties as affected by biopolymer and clay micro/nanoparticles concentrations. Food Hydrocoll. 2009, 23, 1895–1902. [Google Scholar] [CrossRef]

	



Rehan, M.; El-Naggar, M.E.; Mashaly, H.M.; Wilken, R. Nanocomposites based on chitosan/silver/clay for durable multi-functional properties of cotton fabrics. Carbohydr. Polym. 2018, 182, 29–41. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, J.; Mulla, M.; Jacob, H.; Luciano, G.; Bini, T.B.; Almusallam, A. Polylactide/poly(ε-caprolactone)/zinc oxide/clove essential oil composite antimicrobial films for scrambled egg packaging. Food Packag. Shelf Life 2019, 21, 100355. [Google Scholar] [CrossRef]

	



Prasetyaningrum, A.; Utomo, D.P.; Raemas, a.A.; Kusworo, T.D.; Jos, B.; Djaeni, M. Alginate/κ-Carrageenan-Based Edible Films Incorporated with Clove Essential Oil: Physico-Chemical Characterization and Antioxidant-Antimicrobial Activity. Polymers 2021, 13, 354. [Google Scholar] [CrossRef]

	



Ahmed, J.; Mulla, M.Z.; Arfat, Y.A. Thermo-mechanical, structural characterization and antibacterial performance of solvent casted polylactide/cinnamon oil composite films. Food Control 2016, 69, 196–204. [Google Scholar] [CrossRef]

	



Huang, D.J.; Zhang, Z.; Zheng, Y.; Quan, Q.; Wang, W.; Wang, A. Synergistic effect of chitosan and halloysite nanotubes on improving agar film properties. Food Hydrocoll. 2020, 101, 105471. [Google Scholar] [CrossRef]

	



Shen, Y.; Wang, H.; Li, W.; Liu, Z.; Liu, Y.; Wei, H.; Li, J. Synthesis and characterization of double-network hydrogels based on sodium alginate and halloysite for slow release fertilizers. Int. J. Biol. Macromol. 2020, 164, 557–565. [Google Scholar] [CrossRef]

	



Sanchez-Gonzalez, L.; Chafer, M.; Gonzalez-Martinez, C.; Chiralt, A.; Desobry, S. Study of the release of limonene present in chitosan films enriched with bergamot oil in food simulants. J. Food Eng. 2011, 105, 138–143. [Google Scholar] [CrossRef]

	



Lvov, Y.M.; DeVilliers, M.M.; Fakhrullin, R.F. The application of halloysite tubule nanoclay in drug delivery. Exp. Opin. Drug Deliv. 2016, 13, 977–986. [Google Scholar] [CrossRef]

	



Zhao, X.; Mu, Y.; Dong, H.; Zhang, H.; Zhang, H.; Chi, Y.; Song, G.; Li, H.; Wang, L. Effect of cinnamaldehyde incorporation on the structural and physical properties, functional activity of soy protein isolate-egg white composite edible films. J. Food Process. Preserv. 2021, 45, e15143. [Google Scholar] [CrossRef]

	



Cerqueira, M.A.; Fabra, M.J.; Castro-Mayorga, J.L.; Bourbon, A.I.; Pastrana, L.M.; Vicente, A.A.; Lagaron, J.M. Use of Electrospinning to Develop Antimicrobial Biodegradable Multilayer Systems: Encapsulation of Cinnamaldehyde and Their Physicochemical Characterization. Food Bioprocess Technol. 2016, 9, 1874–1884. [Google Scholar] [CrossRef]

	



Fisher, K.; Phillips, C.A. The effect of lemon, orange and bergamot essential oils and their components on the survival of Campylobacter jejuni, Escherichia coli O157, Listeria monocytogenes, Bacillus cereus and Staphylococcus aureus in vitro and in food systems. J. Appl. Microbiol. 2006, 101, 1232–1240. [Google Scholar] [CrossRef] [PubMed]








[image: Foods 10 01150 g001 550] 





Figure 1. TEM images of HNTs and T-HNTs. 
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Figure 2. SEM micrographs of the surface of the bio-nanocomposite film: (a) SA film, (b) SA/CIN film, (c) SA/T-HNTs film, and (d) SA/T-HNTs-CIN film. 
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Figure 3. Light transmittance of the nanocomposite film: (a) SA film, (b) SA/CIN film, (c) SA/T-HNTs film, and (d) SA/T-HNTs-CIN film. 
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Figure 4. The cumulative release of CIN in the nanocomposite film: SA/CIN film and SA/T-HNTs-CIN film. 
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Figure 5. Antimicrobial activity of the composite film: (a) Staphylococcus aureus and (b) Escherichia coli. Values followed by different letters (a–f) were significantly different (p < 0.05), where a is the lowest value. 
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Table 1. The surface area, pore volume, and average pore size of samples.
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	Samples
	SBET (m2/g)
	Pore Volume (cm3/g)
	Average Pore Size (nm)





	HNTs
	25.50
	0.30
	1.88



	T-HNTs
	76.61
	0.39
	2.41



	T-HNTs-CIN
	51.39
	0.37
	2.13
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Table 2. Water vapor permeability of SA-based composite film.






Table 2. Water vapor permeability of SA-based composite film.





	Films
	Thickness (mm)
	WVP (×10−2 g mm/24 h·KPa·m2)





	SA
	0.030 ± 0.001 a
	1.59 ± 0.05 b



	SA/CIN
	0.033 ± 0.004 a
	1.31 ± 0.15 a



	SA/T-HNTs
	0.035 ± 0.001 a
	1.41 ± 0.02 a



	SA/T-HNTs-CIN
	0.033 ± 0.003 a
	1.36 ± 0.11 a







Data are presented as mean ± standard deviation and different letters (a, b) within the columns shows the significant differences (p < 0.05), where a is the lowest value.
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Table 3. Mechanical properties of SA nanocomposite film.
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	Film
	TS (MPa)
	ε (%)





	SA
	66.4 ± 4.28 a
	2.76 ± 0.30 a



	SA/CIN
	70.4 ± 2.45 ab
	3.35 ± 0.07 b



	SA/T-HNTs
	77.3 ± 7.50 bc
	2.66 ± 0.09 a



	SA/T-HNTs-CIN
	80.2 ± 3.81 c
	2.97 ± 0.30 ab







Data are presented as mean ± standard deviation and different letters (a–c) within the columns shows the significant differences (p < 0.05), where a is the lowest value.













[image: Table] 





Table 4. Transmittance (%) and opacity and values of nanocomposite film in the visible, UV-A, UV-B, and UV-C regions.
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	Film Sample
	UV-C

(240 nm) T (%)
	UV-B

(300 nm) T (%)
	UV-A

(360 nm) T (%)
	Visible

(600 nm) T (%)
	Opacity

(AU. nm/mm)





	SA
	69.5 ± 2.29 d
	81.8 ± 0.67 d
	85.0 ± 0.32 c
	87.4 ± 2.45 c
	2.50 ± 0.21 a



	SA/CIN
	64.4 ± 1.13 c
	76.1 ± 1.13 c
	84.8 ± 0.57 c
	89.9 ± 0.85 c
	2.00 ± 0.10 a



	SA/T-HNTs
	35.6 ± 1.62 b
	50.2 ± 1.07 b
	57.5 ± 0.79 b
	70.3 ± 0.50 b
	4.54 ± 0.55 b



	SA/T-HNTs-CIN
	22.8 ± 2.40 a
	40.9 ± 4.62 a
	50.1 ± 3.27 a
	66.1 ± 0.57 a
	4.78 ± 1.15 b







Data are presented as mean ± standard deviation and different letters (a–d) within the columns shows the significant differences (p< 0.05), where a is the lowest value.
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