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Due to the inherent hydrophilic nature and porosity of the paper fibers, hydrophobic polymeric materials, waxes, and inorganic fillers have been widely utilized as coatings and fillers, respectively, on a fiber-based substrate. Coatings also impart oxygen, aroma, and oil barrier properties desirable for food packaging applications. In addition, coatings improve the functional properties and characteristics of paper, including reduced water absorbance, enhanced surface finish, gloss finish, printability, readability, dimensional stability of the substrate, and antimicrobial performance. Such functional properties are highly desirable for consumer packaging applications. However, such coatings may limit the repulpability, recyclability, biodegradability, and compostability of paper and paperboard. In addition, the contamination of the substrate by-product also limits the recyclability of the fiber-based substrates, and the paper, paperboard, or corrugated material ends up in landfill sites. This review focuses on bioderived, biodegradable, compostable, and functional organic, inorganic, and hybrid hydrophobic coatings, which promote the circular economy by improving the repulpability or reduces carbon footprints.
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1 INTRODUCTION
Consumer awareness, corporate sustainability push, limited landfill sites, anti-plastic sentiments, and waste management issues have provided fresh impetus to paper and paper board-based materials. Paper is considered the ecologically most sustainable material for packaging applications due to its renewable origin and compostability under industrial composting conditions (Nechita and Roman, 2020; Xiong et al., 2020; Oloyede and Lignou, 2021). The natural abundance and low cost of lignocellulosic materials make them a very attractive choice for packaging applications. Porous nature and hydroxyl groups in the cellulosic material bind water, which reduces their functional performance, including mechanical strength and load-bearing capacity. Therefore, coatings are required for fiber-based substrates. However, coatings may potentially limit the recyclability of fibrous material and hinder the compostability of paper-based substrates. In addition, there are environmental concerns related to omniphobic coating materials, such as polyfluorinated materials (PFAS), which enter the wastewater stream during the repulping process (Kansal et al., 2020; Glenn et al., 2021). Recently, a bipartisan bill has been introduced to ban PFAS in the United States, and at least seven states have adopted a law to ban it in food packaging applications. Therefore, alternative bio-based, bio-degradable, and compostable organic or inorganic hydrophobic coating materials have been widely researched, which can allow either repulpability or promote compostability (Shankar and Rhim, 2018; Hamdani et al., 2020; Kansal et al., 2020; Nechita and Roman, 2020; Xiong et al., 2020; Glenn et al., 2021). Such coatings can promote the circular economy and reduce the landfill burden and environmental contamination.
The final properties of the substrate vary by precoating sizing filler treatment and the type of the final coating and coating thickness/weight. For example, inorganic fillers such as CaCO3 are added to improve the optical properties, whiteness, printing, and glossiness. However, surface adhesion of these fillers requires a thin polymer or adhesive matrix. The type of paper surface treatments, including adhesives, mineral pigments, inks, and coatings, can affect the repulpability and recyclability of fibers. The separation of fibrous and non-fibrous materials is critical for achieving the high circularity of such substrates.
As per US Environmental Protection Agency (US-EPA) estimates, 20.8% of the paper container and packaging, excluding corrugation, were recycled. It is significantly lower than other categories such as newspaper (64.8%) and corrugated material (96.5%) (US-EPA) (EPA, 2022). Environmental awareness and recent bills to ban traditional omniphobic coatings such as fluorinated chemicals in food packaging also provide impetus to bio-derived, bio-degradable, or compostable coatings (Hamdani et al., 2020; Tyagi et al., 2021).
For certain applications, such as fresh produce or seafood packaging and shipment, the hydrophobic coating of corrugated boxes is inevitable as water sorption by the corrugated board during various post-harvest or post-processing treatments such as hydro-cooling, ice-cooling, forced air cooling, may affect the strength, stiffness, mechanical performance, and functionality of the corrugated board (Sun et al., 2010; Tyagi et al., 2021). In addition, high water content present in such products can affect the moisture content in the corrugated board. Paraffin wax coatings are widely prevalent to achieve a hydrophobic corrugated structure. However, wax coatings limit the recyclability of these boxes (Andersson, 2008; Deshwal et al., 2019), and at the end of life cycle energy is recovered from such materials by pyrolysis (Sotoudehnia et al., 2021). It is hard to recycle polyolefin and other synthetic coatings (Cheng et al., 2015; Shanmugam et al., 2019).
This review focuses on bioderived, biodegradable, compostable, and functional hydrophobic coatings, which promote the circular economy by improving the repulpability or reducing the carbon footprints. In the first section, we discuss degradable/compostable polymer coatings covering bioderived polymers, petro-derived polymers, and polymer blends. In the second section, we address functional nanocomposite coatings, which include nanoclay-based, nanocellulose-based, nanocarbon-based, and other nanoparticle-based coating materials. We conclude by exploring new materials for alternative green-coated food packaging boxes.
2 DEGRADABLE OR COMPOSTABLE POLYMER COATINGS
Compostability and biodegradability are assessed per the local standards derived from a basic framework and norms accepted worldwide. In the US, industrial compost facility conditions are simulated as described in the ASTM D6400 for compostability certification for plastics (Kijchavengkul et al., 2010). However, laminated or extrusion-coated paper products are governed by ASTM D-6868, which requires all layers should to meet the compostability requirements for certification (Kijchavengkul and Auras, 2008). Bio-based content is estimated using ASTM D6866. Table 1 represents a list of compostability certifying institutions worldwide and associated standards followed by these agencies.
TABLE 1 | List of various composting certifying institutions and compostability standards.
[image: Table 1]2.1 Bioderived Coatings
2.1.1 Polysaccharides
Polysaccharides are a broad category of macromolecules composed of 10 or more monosaccharides linked together by a glycosidic bond. Some popular molecules suitable for paper coating with unique functional applications, such as starch, lignocellulose, pectin, chitin, chitosan, and hemicellulose, have been widely studied by researchers. The degree of their hydrophilicity is linked to their molecular architecture, molecular weight, intermolecular interactions, any functional or chemical treatment, and degree of crystallinity (Seidi et al., 2022). Hydroxyl functionalization and cross-linking of polysaccharides can control viscosity and coating thickness, affecting the functional performance of coated substrates (Gatto et al., 2019).
2.1.1.1 Chitin
Chitin is a natural, second most abundant, environmentally benign macromolecule made up of N-acetyl-D-glucosamine, existing in three crystalline polymorphic forms popularly known as α-chitin, β-chitin, and γ-chitin. α-Chitin is a rhombic crystalline structure, primarily obtained from crab and shrimp shells. Its most widely available and stronger hydrogen bonding interactions exist between carbonyl and hydroxyl groups because neighboring chitin polymer chains are lined up in antiparallel form, generating a stable, compact structure (Jin et al., 2021). Chitin nanowhiskers (CNW) have been studied by various researchers. Peng and Chen (2018) reported that adding 0.1% CNW in the PVOH matrix improved the strength and increased stiffness and transparency of PVOH CNW-based films. The oxygen transmission rate of the PVOH-0.1% CNW films decreased by 65% compared to the base PVOH films. CNW-starch nanocomposite films have demonstrated antimicrobial properties against Gram-positive bacteria such as Listeria monocytogenes (Qin et al., 2016). Cellulose–positively charged CNW (obtained by partial deacetylation) coating significantly improved the wet strength of the paper (Tang et al., 2020). Chitin can serve as a great reinforcing agent for cellulosic material.
2.1.1.2 Chitosan
Chitosan, the deacetylated form of chitin, has been reported to increase the wet web strength, dry strength, and mechanical properties. Sun et al. (2010) fabricated chitosan-guanidine complexes by cross-linking chitosan and polyhexamethylene guanidine hydrochloride.
Gatto et al. (2019) applied cardboard with 2 GSM (g.m−2) thick chitosan coating of 2% degree of acetylation. Acetylation decreases hydrophilicity and increases the degree of crystalline phase in chitosan (Pillai et al., 2009), which decreased water sorption by 12% as measured by the cobb test and improved mechanical resistance. The Taber stiffness improved by approximately 5% and 20% in the machine direction and cross direction of the paper board (Gatto et al., 2019). Chitosan-based coatings can impart antimicrobial characteristics; control coagulation; and improve water, oxygen, oil, and grease barrier performance.
Brodnjak and Tihile (2020) studied chitosan, zein, and rosemary essential oil-based coating to impart water and oil resistance characteristics to the paper. Two-layer coating applied using a layer-by-layer coating process, with chitosan as the first layer and zein rosemary oil as the second layer, improved mechanical performance and significant water and grease resistance. Tensile strength improved from 25 to 44 MPa and 58 to 75 MPa in the Machine Direction and Cross Direction, respectively. Water vapor permeability dropped by approximately 60% from 600 to 254 g m−2d−1, and moisture absorptivity, as measured by the cobb test, decreased by ∼ 50% approximately. It was observed that chitosan, zein-rosemary dual-coated paper had less than 5% area grease-stained after 8 h of exposure compared to 75% for uncoated paper. A smooth surface finish was observed in the coated paper as observed by images captured using SEM.
2.1.1.3 Starch
Starch is a hydrophilic high molecular weight biopolymer due to the presence of hydroxyl groups. These hydroxyl groups help in its water suspension for coating formulation and superior binding performance with paper fibers. It is cheap and abundantly available and exists in two polysaccharide forms: amylose, a primarily linear form with α-1,4 linkages, and amylopectin, a branched form joined by α-1,6 linkages. It provides good oil resistance. However, its hydrophilic nature limits its functional performance, such as mechanical strength, stiffness, and creasing as a coating. Compared to other polysaccharides such as cellulose and hemicellulose, the helices chain structure of starch somewhat limits its hydrogen bonding tendency. Chemical modifications such as oxidization, graft copolymerization, and crosslinking are used to fabricate starch-based coating binders with tailored properties or surface sizing agents (Ni et al., 2018). Copolymerization and crosslinking also help obtain the desired structure, hardness, and various other functional characteristics (Li et al., 2019a). Enzyme degraded starch copolymerized or crosslinked offers a replacement to synthetic latex binders. Starch-based bio-latex and its derivatives can exist in various morphologies, represented in Figure 1, which depend on the coating constituents and processing parameters. Core-shell morphology has been widely reported to enhance mechanical performance, including good stiffness-toughness balance.
[image: Figure 1]FIGURE 1 | Typical morphology variants of particles composed of two types of polymers. The final morphology of particles synthesized by seeded polymerization using polymer seed (black color denotes polymer (1) swollen with monomer 2 with the formation of polymer 2 (white color) can be shown in (A) (ideal core–shell morphology) or in (B) inverted core-shell structure. Composite particle morphology can be composed of one type of polymer (polymer 2) with embedded domains of polymer 1 (in case of the particle (C) in the whole particle, (D) domains present in the particle shell region), or vice versa. The favorable morphology of particles exhibits the minimum interfacial free energy change. Shell chemical composition may also change gradually, that is, particle’s shell is enriched with a latter component going from a particle’s core to its surface (in case of (E)). Redrawn from Gosecka and Gosecki (2015).
Kansal et al. (2020) utilized a dual-layer strategy to mitigate the water sensitivity of starch coating; the researcher recoated the starch coating with zein coating as the top layer for achieving both water- and oil-resistant coating. Cobb 60 values (water) of coated paper dropped from 29.3 to 6.18 g m−2 compared to uncoated paper. The authors promoted such dual-layer coating to the cost competency of both layers, bio-based origin, and potential ease of recycling the fiber.
Starch has been blended with beeswax to obtain hydrophobic and active packaging and improved barrier coatings. However, such coatings require emulsifiers. Trinh et al. (2022) reported such coating for edible application on fresh produce. Such technologies can commercially be employed as a coating on the printed paper label; one such example is marketed under the trade name StixFresh™.
Hendrawati et al. (2021) studied sago starch foam coated with beeswax. They have reported that chemical treatments such as acid hydrolysis reduce the hydrophilicity of starch. Such chemical modifications in starch may make it expensive. The various beeswax coating compositions with beeswax 0–10% (wt./wt.) were applied with application times ranging 30–150 s. Water sorption decreased with increasing beeswax composition, and application time was ascribed to the increased thickness of the hydrophobic coating. However, coating thickness and application time did not significantly impact its mechanical strength. Biodegradation studies were performed using EN 13432; coatings with 4 wt% beeswax formulation and 150 s application time demonstrated 73%–87% degradation in 28 days.
2.1.2 Poly(Lactic Acid)
Poly(lactic acid) (PLA) has progressively generated thrust as a mass bio-polymer across various industries, including packaging and paper coating, due to its biodegradability, composability, and commercial viability (Detyothin et al., 2010; Kathuria et al., 2013). Approximately 400,000 tonnes of PLA was produced in 2020, and it is expected to reach 790,000 tonnes in 2026 (Nova Institute and European Bioplastics, 2022). In the United States, it is commercially available under the brand Ingeo™ by NatureWorks LLC. The chemical structure of PLA is represented in Figure 2; it is a rigid polyester with a glass transition temperature (Tg) ∼ 60°C and melting point (Tm) ∼ 160°C. It is widely used for food contact packaging applications, including beverage cups and fruit boxes (Singh et al., 2020).
[image: Figure 2]FIGURE 2 | Chemical structure of polylactic acid.
Sundar et al. (2020) coated unbleached virgin kraft paper (100 g m−2) with PLA using 5%, 10%, 15%, 20%, and 25% PLA-methylene dichloride solutions. The coating viscosity, weight, and thickness increased linearly with an increase in the PLA concentration in the solution. The coating weight of approximately 2.5–9 GSM was reported for 5%–25% PLA-methylene dichloride. Good adhesion of the coating on the substrate was observed using SEM. Burst strength of uncoated PLA increased from 3.75 to nearly 6.25 kg cm−2 with a 9 GSM coating. Similarly, linear mechanical performance improvement trends were observed in tensile strength and wet tensile strength tests as a function of coating weight. The 30 s cobb values for kraft paper and kraft-9 GSM coating were reported as 25.6 and 3.17 g m−2, respectively. PLA can also undergo hydrolysis during the recycling process.
Singh et al. (2020) studied PLA-30 wt% cellulose bio-composites. The cellulose was chemically modified with poly(ethylene oxide) (PEO) prior to melting the blend in a twin-screw extruder. The PEO improved compatibility, reduced interfacial tension, and enhanced cellulose dispersion and processability. PEO served as a plasticizer. The combination of PLA, cellulose, and PEO provided a good stiffness toughness balance with approximately 140% elongation at break. Such modifications can provide a pathway for industrially scalable coatings. However, during the repulping process of organic molecules, filler and particles may end up in the rejected material stream along with the coating, and the accumulation of molecules and sub-micron particles in the environment may pose environmental challenges that need careful deliberations (Zhang et al., 2016).
2.1.3 Poly(butylene Succinate)
Poly(butylene succinate) (PBS) is an aliphatic polyester made by condensation polymerization of succinic acid and 1,4 butanediol. PBS can be completely bio-derived as both succinic acid and 1,4 butanediol (Liminana et al., 2018; Thurber and Curtzwiler, 2020). Its chemical structure is represented in Figure 3. It is a flexible polymer with Tg ∼ −35°C, Tm ∼ 115°C, and elongation at a break of ∼300%. Due to its fast degradation rate, it has been used as an alternative to polyolefin coatings for fiber-based materials (Thurber and Curtzwiler, 2020; Rafiqah et al., 2021).
[image: Figure 3]FIGURE 3 | Chemical structure of polybutylene succinate.
Bi et al. (2021) reported using PBS and its co-polyesters for coating paper used in the mulch applications fabricated by blade coating. PBS coating helped achieve a tailored balance between strength, biodegradation, and release kinetics. PBS-coated kraft paper also reduced water vapor loss compared to starch-coated mulch paper.
Thurber and Curtzwiler (2020) evaluated microwave heat and grease resistance of recycled kraft paper melt coated with PBS. The coated papers were exposed to the microwave heat treatment in the presence of oil to simulate fatty food and evaluated for oil penetration. The authors observed some whitening and dimpling. It was ascribed to the localized heat generated by microwaves leading to melting and recrystallization of certain areas on the package. Such changes in the coating morphology may affect the customer usage and perception of the product.
2.1.4 Functional Lipid and Proteins Based Coatings
Functionalized bioderived hydrophobic lipid coatings have been reported to offer improved water barrier performance, good adherence, smoothness, gloss, and biological activity (Zhang et al., 2014a; Fratini et al., 2016; York et al., 2019; Hutton-Prager et al., 2021; Wang et al., 2021; Chungsiriporn et al., 2022). In particular, beeswax and Carnauba wax can be extracted on an industrial scale (de Freitas et al., 2019; Navarro-Hortal et al., 2019). Beeswax is a mixture of various long-chain fatty acids, alcohols, and esters with a surface energy of ∼16 mJ m−2 and a melting point ranging from 62°C to 64°C (Zhang et al., 2014a). It is an approved food additive by EU (E901) (EC, 1995) and GRAS by US FDA (Ramos-García et al., 2012; Starowicz et al., 2021). It is widely used in the food, pharmaceutical, and cosmetics industries (Rortais et al., 2021). It has been reported to be effective against various gram-positive and gram-negative bacteria such as S. aureus and E. coli (Sawicki et al., 2022).
Chungsiriporn et al. (2022) applied beeswax–chitosan homogenized solution (30% beeswax and 1% chitosan) between 40 and −50°C on palm fibrous pulp with coarse, medium, and fine textures. Coating significantly improved the mechanical performance, credited to improved bonding and densification. Reduced porosity and pore filling by hydrophobic coating reduced water absorbency. However, densification and coating slowed the degradation process. Zhang et al. (2014b) developed various beeswax–carnauba emulsified wax blend compositions and applied them to the copier paper. The water contact angle of paper increased from 110 (control) to 140 o –167o range depending on the beeswax–carnauba wax ratio and annealing temperature.
Buxoo and Jeetah (2020) evaluated beeswax coating for producing compostable cups from pineapple peels, orange peels, and hemp leaves agro-waste for potential minimization of deforestation. Hemp–pineapple peel (40/60) cup coated with 0.7 mm beeswax provided the max burst resistance (0.25 kPa m2/g) and successfully retained water for 30 min without any leakage. Beeswax did not interfere with the compostability of the cups, and cups degraded in 5–6 weeks. For higher peel percentages, crack emerged in the cup.
Carnauba wax found in carnauba palms, native to Brazil, melts around 90°C. It demonstrates elasticity and deformation resistance and has a relatively lower viscosity, which helps facilitate its application process (Lacerda et al., 2011; de Campos et al., 2019). Wang et al. (2017) fabricated hydrophobic filter paper using carnauba wax/hexadecyltrimethoxysilane- (HDTMS-) TiO2 emulsions using alcohol to separate water and diesel. In addition to the wax, the hydrophobic HDTMS-TiO2 particles further reduced the surface energy of the coating. The contact angle of the paper increased from 0 (uncoated) to >140o for coatings above 2.5% wt. of the filter paper.
Animal and plant proteins can be used to tailor the surface characteristics of fiber-based substrates. Such proteins include zein, soy protein, whey protein, and wheat gluten (Coltelli et al., 2015; Sartori et al., 2019). Wheat gluten or its derivatives can be used as a binder for paper and cardboard coatings as they offer good tackiness (Sartori et al., 2019). Rhim et al. (2006) reported that soy protein coating improved the printability of coated paper substrates. Such natural polymeric protein structures can substitute for petro-derived non-biodegradable coatings as they offer good compatibility with polar substrates. However, they have poor water barrier properties due to the hydrophobic nature of these protein structures.
2.2 Petro-Derived Coatings
2.2.1 Poly(Butylene Adipate-co-terephthalate)
Poly(butylene adipate-co-terephthalate) PBAT is a highly flexible petro-derived biodegradable and compostable polymer sold by BASF, Inc. under the brand name ecoflex®. The chemical structure of PBAT is represented in Figure 4. It is a polyester with Tg∼−30°C, Tm ∼ 120°C. However, certain grades are partly bio-based content, as one of the monomers can be derived from plant oil. It offers relatively better moisture resistance and barrier compared to polysaccharides and other natural bio-macromolecules. Shorey and Mekonnen (2022) fabricated PBAT-coatings, water, and oil absorptivity cobb values measured as per TAPPI T441 dropped by approximately 25% and 33% from 36 to 27 GSM and 150 to 100 GSM, respectively. The PBAT coating improved the dry strength, wet tensile strength, and oxygen barrier properties. Shankar and Rhim (2018) coated kraft paper with PBAT. The base coating reduced surface roughness and improved hydrophobicity and tensile strength. The basis weight and thickness of the paper increased after coating.
[image: Figure 4]FIGURE 4 | Chemical structure of polybutylene adipate terephthalate.
2.2.2 Poly(ε-Caprolactone)
Poly(ε-caprolactone) (PCL), a petroleum-derived flexible biodegradable aliphatic polyester with low Tg (−60°C) and Tm (55–70°C) is produced by ring-opening polymerization of ε-caprolactone (ε-CL) (Detyothin et al., 2010). The Chemical structure of PCL is represented in Figure 5. Its relatively higher hydrophobicity and degree of crystallinity (45–60%) slow down its degradation rate (Detyothin et al., 2010).
[image: Figure 5]FIGURE 5 | Chemical structure of poly(ε-caprolactone).
Lo Faro et al. (2021) fabricated a PCL bioplastic coating solution with 5%, 10%, and 20% polyethylene glycol (PEG) plasticizer by dissolving them in chloroform. They coated the calendared bleached paper with a bioplastic coating and evaluated it for water and oil resistance. The regular homogenous surface coating was achieved as observed with the SEM images. Simple inverse linear correlation was established between WVTR and coating grammage. In other words, WVTR decreased with an increase in the coating grammage from 3,500 (uncoated) to 1,200 g m−2 d−1 for coating of ∼10 GSM. No significant effect of plasticizer was observed on the WVTR due to its low Tg and high segmental mobility of its chains. Improved oil resistance was observed with the coating application.
Various researchers have also explored methods to improve the functional performance of PCL (Koenig and Huang, 1994; Lyu et al., 2019). Lyu et al. (2019) blended PCL with grapefruit extract using a twin-screw extruder to improve the antimicrobial performance of the coating for food packaging applications. Koenig and Huang (1994) crosslinked poly(caprolactone) to obtain hydrophobic coating.
2.3 Polymer Blends
As one polymer may not meet the processing, performance, and functional characteristics, polymer blends are desirable as they are an economically viable way to achieve the desired functional results (Wang et al., 2001; Lai et al., 2005; Siegenthaler et al., 2012; Moustafa et al., 2017). However, most blends are thermodynamically immiscible due to high molecular weight and the low entropy of mixing (Detyothin et al., 2010; Siegenthaler et al., 2012). However, at times, good mechanical properties can be achieved by blending partly miscible polymers at specific pre-determined blending proportions, which can be used as coatings.
Sundar et al. (2020) studied PLA-PCL blends for coating kraft paper. PCL is a flexible polymer that reduces the brittle behavior of PLA. PLA with 10% PCL blends demonstrated better seal strength (76.6 kPa) and improved gas barrier properties. PLA-PBAT blends commercially available under the registered trade name “Ecovio® PS1606” have been commercially used to coat fiber-based materials (Muthuraj et al., 2019).
Shorey et al. studied PBAT, PBAT-lignin, PBAT-esterified lignin blends based coatings. Lignin, a natural biomass macromolecule, constitutes 15%–30% of the biomass. It exhibits thermal degradation and poor compatibility with plastics due to the abundance of -OH functional groups. Esterification of lignin with fatty acids reduces hydrophilicity and interfacial tension between PBAT and lignin. Esterified lignin demonstrated improved dispersion, compatibility, superior wet strength, tensile strength, and water barrier performance (Shorey and Mekonnen, 2022). The contact angle of PBAT coated paper increased from 80o to 130o with the addition of 50% esterified lignin in the coating.
3 FUNCTIONAL NANOCOMPOSITE COATINGS
As biodegradable and compostable polymer coatings show great promise for food packaging with the circular economy, the pure polymers typically face demerits of mechanical weakness, high gas/vapor permeability, and low antimicrobial effects (Johansson et al., 2012; Calva-Estrada et al., 2019; Mustățea et al., 2019; Mellinas et al., 2020; Menzel, 2020; Bilal et al., 2021; Díaz‐montes and Castro‐muñoz, 2021; Tyagi et al., 2021). Adding nanoparticles to the polymer matrices paves the way for enhancing coating functionalities, including mechanical, barrier, antioxidant, and antimicrobial properties because of the high specific surface area and unique functionalities of nanoparticles (Bandyopadhyay and Ray, 2019; Kassem et al., 2019; Silva et al., 2020; Singha and Hedenqvist, 2020; Qu and Luo, 2021). As a result, food quality, nutrient, safety, and bioactive compound delivery are increased. The application of nanomaterials in the food packaging films and coatings is an emerging research field; however, various nanomaterials have been investigated, such as two-dimensional (2D) nanoclay and graphene, one-dimensional (1D) nanocellulose and nanotubes, and zero-dimensional (0D) nanodots (Li et al., 2018; Cui et al., 2020a; Barra et al., 2020; Ahankari et al., 2021; Nath et al., 2022). The resultant functional nanocomposite coatings exhibit enhanced functional properties demonstrating great potential for food packaging applications.
3.1 Nanoclay-Based Coatings
Nanoclays are natural or synthetic 2D nanoscale minerals consisting of a certain amount of aluminum, silica, iron, and magnesium (Bandyopadhyay and Ray, 2019; Bumbudsanpharoke and Ko, 2019; Nath et al., 2022). Nanoclays exist as the layered nanoplatelets showing a well-structured lamellar arrangement. Each layer has a thickness of ∼1 nm and a lateral size from hundreds of nanometers to a few micrometers. Nanoclays have been explored in the development of food packaging materials due to their high aspect ratio, high mechanical strength, and super barrier properties (Nath et al., 2022). One of the most common nanoclays in food packaging films and coatings is montmorillonite (MMT) (Souza et al., 2018). Nanoclays contain charged oxygen and hydroxyl functional groups on the surface and exist as platelet clusters due to hydrogen bonding and ionic interactions between nanoplatelets. In order to increase the surface area exposed to the polymer binder, nanoclays must be intercalated or exfoliated in the polymer matrix (Bumbudsanpharoke and Ko, 2019). In general, there are three types of polymer-clay structures (Figure 6A): tactoid, intercalation, and exfoliation. The tactoid structure is not a true nanocomposite structure as the platelets of nanoclays are not expanded, showing a poor affinity with the polymer matrix. The intercalation structure demonstrates a moderate expansion of interlayers between nanoplatelets, and the polymer chains penetrate the basal spacing of the nanoclay. However, the nature of the layered stack in nanoclays remains unchanged, resulting in a moderate affinity between the polymer and nanoclays. The exfoliation structure is a true nanocomposite structure in which the separated single nanoplatelets are homogeneously distributed throughout the continuous polymer matrix leading to maximum enthalpic interactions between the polymer and nanoclays. The intercalated or exfoliated structures provide a tortuous path to hinder the molecular diffusion of the permeants and therefore improve the barrier properties (Figure 6B) (Singha and Hedenqvist, 2020; Qu and Luo, 2021; Nath et al., 2022).
[image: Figure 6]FIGURE 6 | Schematic illustrations of (A) three possible microstructures in nanoclay-polymer nanocomposites and (B) permeability mechanism of molecules through nanoclay-polymer coatings on the substrate.
The addition of intercalated or exfoliated nanoclays into the biopolymer matrix can improve the mechanical, barrier, and antimicrobial properties of food packaging films and coatings. Mahmoodi et al. (2019) studied nanoclay-PLA composite films for food packaging applications. Nanoclays were surface-modified by an organic dye to increase the miscibility with the PLA matrix. Imaging analysis revealed partially intercalated/exfoliated structures of the composites (Figure 7A). The composites containing 3 wt% nanoclays exhibited a 20% increase in storage modulus and 12[image: image] increase in Tg compared to the control PLA (Figure 7B). The mechanical and thermal reinforcement was ascribed to effective load transfer from PLA to nanoclays and the reduced free volume, respectively. In addition, the composite films showed excellent oxygen permeability and water vapor permeability (Figure 7C), fulfilling the requirements for food packaging materials. The improvement in barrier properties is attributed to the nanoclay-induced tortuous path (Figure 6B). Mechanical and barrier reinforcements were also reported in the gelatin composite films containing MMT (Martucci and Ruseckaite, 2017). The tensile strength of the composite film containing 5 wt% MMT increased by 280%, and the elongation at break decreased by 42%. Homogenously distributed impermeable MMT nanoplatelets also acted as gas barriers to obstruct the transmission of water vapor through the polymer film, leading to a 30% reduction of water vapor permeability. Cu (II)-exchanged MMT-gelatin nanocomposite films demonstrated strong antibacterial activity against bacteria E. coli and L. monocytogenes.
[image: Figure 7]FIGURE 7 | (A) HRTEM micrograph of the nanoclay-PLA composite film. Red and black arrows demonstrate the intercalated and exfoliated nanoclay platelets, respectively. (B) Storage modulus versus temperature and (C) oxygen permeability (OP) and water vapor permeability (WVP) of PLA composite films with different nanoclay contents. Reprinted with permission from Mahmoodi et al. (2019). Copyright 2019 American Chemistry Society. (D) Antimicrobial mechanism of AgNP-doped nanoclay-chitosan composite films. Redrawn from Li et al. (2020). (E) Antimicrobial activity of AgNP-doped nanoclay-chitosan composite films against four food pollution microorganisms. Redrawn from Wu et al. (2018).
The addition of metal or metal oxide nanoparticles to the nanoclay-polymer nanocomposites can generate a synergistic effect on the mechanical and barrier reinforcement and antimicrobial properties (Uysal Unalan et al., 2014; Vaezi et al., 2019; Ahari et al., 2021; Paidari and Ibrahim, 2021). In a study of MMT-chitosan composite coatings (Rehan et al., 2018), the silver nanoparticles (AgNPs) were synthesized using UV radiation in the MMT-chitosan nanocomposites. In addition to enhanced tensile strength and thermal resistance, AgNPs immobilized nanocomposite coatings exhibited excellent antibacterial activity against S. aureus, E. coli, and A. niger. It was suggested that chitosan efficiently interacted with silver through the amino and hydroxyl groups in chitosan to form chitosan-Ag chelate that contained AgNPs (Figure 7D). When contacted with the bacteria, chitosan-Ag chelate was released from the composite and subsequently destroyed the cell wall and entered the cell. Simultaneously, Ag+ ions were released from AgNPs, resulting in the production of reactive oxygen species (ROS) that killed the cell (Figure 7D). In another work of MMT-starch composite films incorporated with AgNPs/CuO/ZnO (Peighambardoust et al., 2019), the combinatorial use of AgNP/CuO/ZnO in MMT-starch nanocomposite films exhibited a strong synergistic effect in improving mechanical and antimicrobial properties. The nanocomposites had strong antibacterial activity against S. aureus and E. coli.
Nanoclay-polymer nanocomposite coatings with high moisture and gas barrier properties can significantly inhibit bacterial growth and oxidative stress leading to the extended shelf life in the real food system. In a study on sliced fatty salami packaged with MMT-PLA nanocomposite films (Vilarinho et al., 2018), the lipid oxidation was monitored during different storage times to evaluate the shelf life. Both primary and secondary lipid oxidization products were analyzed. The presence of MMT tended to decrease the lipid oxidation and extend the shelf life, which was attributed to the enhanced oxygen and water barrier properties in the composite film. In another work of litchis wrapped with AgNPs immobilized nanoclay-chitosan nanocomposite films (Nath et al., 2022), the nanocomposite films exhibited antimicrobial activity against four typical fruit pollution microorganisms such as S. aureus, E. coli, A. niger, and P. citrinum (Figure 7E). As a result, litchis maintained freshness for up to 7 days, demonstrating the extended shelf life. The extended shelf life was also reported in the study of fish (bluefin tuna) wrapped with MMT-protein nanocomposite films (Echeverría et al., 2018). Seven typical fish pollution microorganisms were analyzed, and the microorganism counts in fish wrapped with nanocomposite films remained one or two magnitudes lower than the control. Fish maintained freshness for up to 15 days, which exceeded in 1 week compared to the control.
3.2 Nanocellulose-Based Coatings
Nanocellulose is a nanoscale particle derived from cellulose. It is used as a reinforcing nanofiller in polymer nanocomposite coatings because of the large specific surface area, high tensile strength and modulus, low density, and biodegradability (Silva et al., 2020; Ahankari et al., 2021). There are three main forms of nanocellulose according to dimensions, preparation methods, and functions (Figure 8): cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs), and bacterial nanocellulose (BNC). CNCs have a rod-like or whisker-like shape with typical dimensions of 2–10 nm in diameter and 50–500 nm in length, depending on the source and chemistry treatments (Phanthong et al., 2018). They are typically extracted from natural micro-fibrillated cellulose via chemical pre-treatment followed by acid hydrolysis. After acid hydrolysis, the amorphous regions are hydrolyzed and removed, whereas the crystalline regions are retained. The resultant CNCs contain a high degree of crystallinity (∼80%), showing a short-rod shape. CNFs are long and flexible fibril-like nanocellulose with a diameter of 3–15 nm and a length of 1–10 [image: image]m (Phanthong et al., 2018). They are prepared from natural micro-fibrillated cellulose via mechanical disintegration such as high-pressure homogenization, high-intensity ultrasonication, micro-grinding, and cryo-crushing. The resultant CNFs contain a low degree of crystallinity (60%–80%), showing both crystalline and amorphous components. Compared to CNCs, CNFs have a higher aspect ratio, higher specific surface area, and larger number of hydroxyl groups. BNCs exist as twisted ribbon-shaped fibrils with a diameter of 20–100 nm and a length of 1–10 [image: image]m (Abol-Fotouh et al., 2020). They are produced from lignocellulosic biomass by fermentation via bacterial pathways, including polymerization and crystallization. Unlike CNCs and CNFs, BNCs exist in a pure form without hemicellulose, lignin, and pectin. BNCs possess ultrafine microstructure, high specific surface area, high crystallinity, high molecular weight, high liquid absorption capacity, and high mechanical properties. These excellent properties make BNCs highly superior compared to nanocellulose of plant origin.
[image: Figure 8]FIGURE 8 | (A) Schematic illustration of the hierarchical microstructure of cellulose in plant-based biomass. Adapted from Ghasemlou et al. (2021). (B) Schematic illustration of the synthesis of cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) from cellulose microfibrils vial acid hydrolysis and mechanical disintegration, respectively. (C) Schematic illustration of biosynthesis of bacterial nanocellulose (BNC) and SEM micrograph adapted from Ifuku et al. (2007).
Nanocellulose-based coatings have been widely used in food packaging because of their unique properties, including biodegradability, transparency, barrier, antimicrobial and mechanical properties (Nazrin et al., 2020; Silva et al., 2020; Ahankari et al., 2021; Clarkson et al., 2021). Food packaging applications require a good barrier against grease, miner oils, oxygen, and water vapor. Koppolu et al. (2019) reported multilayer coatings of CNC-PLA composites on a paperboard exhibiting excellent barrier properties. Slot-die coating of CNCs followed by extrusion coating of PLA was used in tandem to alternately coat CNCs and PLA onto a paperboard in a continuous process. The resultant multilayer coatings exhibited a significant reduction in oxygen transmission, water vapor permeability, and grease penetration compared to the control. In another work of CNF-protein nanocomposite films (Yu et al., 2019), the composite containing 15 wt% CNFs exhibited an increased tensile strength of protein by 300%, showing a great mechanical reinforcing effect. The incorporation of pine needle extract (PNE) into the nanocomposite film led to strong antioxidant activity against ABTS free radicals and significantly improved antimicrobial activity against foodborne pathogens, including E. coli, S. aureus, S. typhimurium, and L. monocytogenes. As all nanocellulose forms (CNCs, CNFs, and BNCs) act as reinforcing nanofillers to improve the mechanical properties and decrease the water vapor permeability of the polymer matrix, they have different reinforcement efficiency due to their different morphology and functions (Silva et al., 2020). It has been reported that BNC-PLA nanocomposites exhibited stronger mechanical performance in terms of tensile strength and modulus and lower water vapor permeability compared to CNF-PLA nanocomposites (Gitari et al., 2019). While CNFs and BNCs decreased the oxygen permeability of PHB films, CNCs substantially reduced it (Silva et al., 2020).
In order to improve the compatibility between hydrophilic nanocellulose and hydrophobic biopolymers, various chemical grafting methods are used to surface-modify nanocellulose (Figure 9) (Dufresne, 2013; Sharma et al., 2019; Ghasemlou et al., 2021). One of the most effective approaches is silane coupling (Frank et al., 2018). Methoxy and ethoxy silanes are highly reactive to the hydroxyl groups of nanocellulose; thus, hydrophobic hydrocarbon chains are covalently attached to the nanocellulose surface by the silane coupling process. Silylated nanocellulose exhibits high solubility in organic solvents and high compatibility with polymer matrices. Raquez et al. (2012) reported that CNCs were modified in the presence of trialkoxysilanes bearing a methacryloxy moiety. The surface-modified CNCs were incorporated into the PLA matrix by melt extrusion. The resultant CNC-PLA nanocomposites showed high melting temperature and high storage modulus. The enhancement of thermal and mechanical properties was attributed to the effective reinforcement of surface-modified CNCs as nanofillers. Acetylation is a widely studied esterification reaction to introduce hydrophobic hydrocarbon groups onto nanocellulose surfaces (Ghasemlou et al., 2021). The reaction mechanism is to substitute the hydroxyl groups of nanocellulose with acetyl moieties. Acetylated nanocellulose nanofillers have strong interactions with hydrophobic polymer matrix that result in effective mechanical reinforcement in the nanocellulose-polymer nanocomposites. In a study of CNF-PLA nanocomposite films (Ying et al., 2018), acetylated CNFs were mixed with PLA via solution mixing to produce CNF-PLA nanocomposites. The addition of 10 wt% CNF substantially increased the glass transition temperature of PLA and its mechanical performance in terms of tensile strength and elastic modulus. It was suggested that the high compatibility and strong interactions between surface-modified CNFs and PLA led to thermal and mechanical reinforcements. Ring-opening polymerization (ROP) is a very useful technique for attaching long polymer chains to nanocellulose surfaces (Ghasemlou et al., 2021). ROP is widely used to synthesize polymers and biopolymers such as nylon 6, poly(ethylene oxide), PLA, and PCL (Nuyken and Pask, 2013). Typically, ROP in the presence of nanocellulose occurs without an initiator as the hydroxyl groups of nanocellulose can act as an initiating species of polymerization. Wu et al. (2016) investigated CNC-PLA composites using PLA grafted CNCs and their reinforcement effects. The PLA grafted CNCs were synthesized via surface-initiated ROP of lactide in the presence of tin(II) ethyl hexanoate as a catalyst. Surface-modified CNCs were highly soluble in chloroform and incorporated into the PLA matrix to produce CNC-PLA nanocomposites via solution mixing. The addition of a small amount of PLA grafted CNCs significantly accelerated the crystallization of PLA because of the heterogeneous nucleation of CNCs and excellent interactions between modified CNCs and PLA matrix. To this end, the CNC-PLA composites greatly improved storage modulus and heat distortion resistance. In addition, other common chemical grafting methods to surface functionalize nanocellulose include urethanization via isocyanate-hydroxyl reaction, etherification via epoxide-hydroxyl reaction, urethanization via isocyanate-hydroxyl reaction, and surface-initiated radical polymerization (Ghasemlou et al., 2021).
[image: Figure 9]FIGURE 9 | Various chemical grafting methods for surface modification of cellulose nanoparticles (CNs). Adapted from Dufresne (2013)
Nanocellulose-polymer composite films/coatings display high antimicrobial activity against a wide range of bacteria and fungi to prevent food deterioration, resulting in extended shelf life in the real food system (Arora and Padua, 2010; Nazrin et al., 2020; Ahankari et al., 2021). Costa et al. (2021) reported CNC/chitosan nanocomposite films as active packaging membranes for chicken meat packages to prolong the shelf life. The addition of 25 wt% CNCs to the polymer matrix resulted in an 80% reduction in oxygen permeability. The significant increase in oxygen barrier properties was attributed to the increased crystallinity and the reduced free volume of the polymer when CNCs were incorporated into chitosan. The CNC-chitosan composite films showed high antimicrobial activity against bacteria S. aureus and E. coli and fungi C. albicans. The addition of only 10 wt% CNCs provided a complete antimicrobial character to the nanocomposite films. The nanocomposite films were used as active packing membranes to reduce the microbial growth in the packed chicken breast under refrigeration conditions. The nanocomposite films reduced the growth of Pseudomonas and Enterobacteriaceae bacteria in chicken meat and decreased the total volatile basic nitrogen, demonstrating great efficiency in retarding meat’s spoilage and prolonging shelf life. In another study, CNC-PLA nanocomposites containing green tea extract were prepared via direct melt processing for preserving fatty food (Vilarinho et al., 2021). The salami was packaged in a vacuum with nanocomposite films and stored under refrigeration conditions. The composite films containing 2 wt% CNCs exhibited a 27% reduction of oxygen permeability, whereas further addition of 1 wt% green team extract showed an oxygen permeability reduction of 60%. This observation indicated the synergistic effect of the presence of both CNC and green team extract. The improved barrier properties of nanocomposite films were also confirmed by reduced water vapor permeability. The barrier effect was attributed to the high crystallinity of the polymer and high surface hydrophobicity. The lipid oxidation of the salami was evaluated using malondialdehyde and p-anisidine. The CNC-PLA composite films containing green tea extract showed inhibition of lipid oxidation of salami, whereas the composite films without green extract exhibited reduced oxidization. This was attributed to the improved oxygen and water barrier properties. Recently, BNC-gelatin nanocomposites containing chitosan nanofibers were prepared as probiotic films to preserve chicken fillets (Salimiraad et al., 2022). The growth of gram-positive and gram-negative bacteria in chicken fillets was evaluated during refrigerated storage. BNC-based nanocomposite films reduced oxidative and microbial spoilage indices compared to the control. Thus, the probiotic composite films improved the quality and shelf life of chicken fillets.
3.3 Nanocarbon-Based Coatings
Nanocarbons are nanomaterials consisting of only carbon atoms bonded with each other to form various allotropes (Figure 10A), such as 0D carbon dots, 1D carbon nanotubes, and 2D graphene and graphene oxide (Liu et al., 2018; Anand et al., 2019; Xin et al., 2019; Cui et al., 2020b; Raul et al., 2022). Most carbon nanomaterials are synthesized via a green process generally used in food science and technology (Raul et al., 2022). Nanocarbons act as antibacterial agents and bio-fillers in the applications of active food packaging materials (Azizi-Lalabadi et al., 2020). The antimicrobial mechanism of nanocarbons highly depends on carbon nanostructures, surface functionalities, and target microorganisms. As shown in Figure 10B, nanocarbons’ contact with the cell wall and the interaction of nanocarbons with the bacteria lead to electron evacuation from the microbial surface. The sharp edge of nanocarbons enables disrupting the membrane and entering the cell. In addition, the formation of toxic ROS will damage DNA and proteins. As a result, microorganisms are killed.
[image: Figure 10]FIGURE 10 | (A) Carbon nanostructures: carbon dot (CD), single-walled nanotube (SWNT), multiwalled nanotubes (MWNT), graphene, and graphene oxide (GO). (B) Schematic illustration of antimicrobial activity of nanocarbons.
Carbon dots (CDs) are a new type of 0D spherical carbon nanoparticles with a size below 20 nm (Figure 10A). They have a carbon center functionalized with various chemical groups such as hydroxyl, carbonyl, and amine groups (Liu et al., 2020). CDs have exceptional properties of high chemical stability, tunable photoluminescence, low toxicity, biocompatibility, antimicrobial properties, and low-cost sources. They are used for wide applications in the fields of food packaging, biomedicine, optoelectronic devices, and catalysis. Carbon nanotubes (CNTs) are 1D tube-shaped carbon nanomaterials containing sp2 hybridized carbon atoms, classified as single-walled nanotubes (SWNTs) and multiwalled nanotubes (MWNTs) (Figure 10A) according to the number of graphene layers imaginarily rolled up to form CNTs (Anzar et al., 2020). CNTs, in general, have a very high aspect ratio >1,000 and exhibit excellent mechanical properties, high electrical and thermal conductivities, and great antibacterial properties. CNTs are used as reinforcing nanofillers (Abdou et al., 2016) in the nanocomposites for various applications such as structural materials, active packing materials, optoelectrical devices, and biomedical materials. Graphene is a 2D monatomic layer of sp2 hybridized carbon atoms in a honeycomb lattice (Figure 10A). Graphene and its derivatives, including graphene oxide (GO) and reduced graphene oxide (rGO), possess a unique combination of exceptional mechanical properties, intriguing electronic properties, great antibacterial properties, and high thermal conductivities (Barra et al., 2020; Lin et al., 2021; Lin et al., 2022). Similar to CNTs, graphene and its derivatives are used as reinforcing nanofillers and antimicrobial agents for active food packaging, structural nanocomposites, biomedicine, and electronics (Anand et al., 2019; Barra et al., 2020).
Over the years, the reinforcing efficiency and antibacterial activity of nanocarbons have been investigated for active packaging applications (Cui et al., 2020b). Li et al. (2018) studied biodegradable carbon dots synthesized from vitamin C by the one-step electrochemical process. As-prepared CDs displayed a broad spectrum of antibacterial and antifungal activity at low concentrations, inhibiting the growth of E. coli, B. subtilis, B. sp. WL-6, S. aureus, R. solani, and P. grisea. CDs entered the bacteria by diffusion and destroyed the bacterial wall (Figure 10B). Subsequently, CDs bound to the DNA/RNA of microbials and inhibited the important gene expressions to kill the microbials. N-doped CDs and AgNP-immobilized CDs also exhibited strong antimicrobial activity against E. coli and S. aureus (Raina et al., 2020; Saravanan et al., 2020).
The incorporation of CDs into biopolymer matrices increases the mechanical performance, barrier properties, and antimicrobial activity of food packaging films. In a study of CD-gelatin/pectin nanocomposite films (Ezati et al., 2022), the mechanical properties of the composite films in terms of tensile strength and modulus were slightly increased with 2 wt% CD content. The water vapor permeability of the composite films was reduced by 30%. The increased water vapor barrier was ascribed to the tortuous patch of water vapor diffusion in the presence of CDs. The composite films also displayed high antioxidant activity against ABTS (96%) and DPPH (80%) free radicals and strong antibacterial activity against food-borne pathogenic bacteria, L. monocytogenes and E. coli (Figure 11A). Riahi et al. (2022) reported modified CD-cellulose composite coatings for active food packaging applications. CDs were prepared by the hydrothermal synthesis in the chitosan solution, producing chitosan-modified CDs with negligible cytotoxicity. The addition of 5 wt% CDs increased the tensile strength by 30% and elastic modulus by 60%. The composite films displayed strong antioxidant activity against ABTS (100%) and DPPH (88%) free radical and high antimicrobial activity against foodborne bacteria, E. coli and L. monocytogenes and mold A. niger and P. chrysogenum. The lemon coated with composite films maintained the original taste and color after 21 storage days, whereas in the control, spoilage occurred after 7 storage days and mold grew on the lemon surface after 21 storage days.
[image: Figure 11]FIGURE 11 | (A) Antioxidant activity of CD-cellulose composite films using ABTS and DPPH methods. Redrawn from Riahi et al. (2022). (B) Tensile strength and Young’s modulus of PHBV composite films incorporated with different PHBV-g-MWNT contents. (C) Overall migration of isooctane and ethanol (10%) in the PHBV composite films incorporated with different PHBV-g-MWNT contents. Redrawn from Yu et al. (2014). (D) AFM amplitude image of E. coli cells after incubation with GO nanosheets. The scale bar is 1 [image: image]m. Reprinted with permission from Liu et al. (2012). Copyright 2012 American Chemical Society. (E) Water uptake and water vapor permeability in the PHBV composite films incorporated with CNC-GO hybrids. (F) Overall migration of ethanol (10%) and isooctane in the PHBV composite films incorporated with CNC-GO hybrids. Reprinted with permission from Li et al. (2019b) Copyright 2019 American Chemical Society.
CNTs and functionalized CNTs are used as antimicrobial agents to inhibit the fungal and bacterial growth in active packaging applications (Liu et al., 2018). Because of the large specific surface areas, both SWNTs and MWNTs enhance bacterial inactivation efficiency when they have direct contact with bacterial cell membranes (Figure 11B). The antimicrobial efficiency is highly dependent on the size of CNTs. In general, SWNTs display more antibacterial activity than MWNTs against the microbes. Metal or metal oxide immobilized CNTs, in particular, exhibit an improved bacterial inactivation efficiency. Nanoparticles such as Ag, ZnO, Fe3O4 TiO2, and CuO have been used to dope CNTs for antimicrobial enhancement due to the synergistic effect between CNTs and nanoparticles (Xia et al., 2018; Alias and Abd–Alsada, 2021; A. Sukkar et al., 2019; Sapkota et al., 2020).
The introduction of CNTs into biopolymer films, in general, improves mechanical reinforcing efficiency, barrier properties, and antimicrobial activity. In a study of MWNT-PHBV nanocomposites for food packaging (Yu et al., 2014), MWNTs were surface-functionalized with PHBV by a graft-to-chemical method, and the PHBV-g-MWNTs were then mixed with PHBV to produce nanocomposites. PHBV-g-MWNTs acted as a heterogeneous nucleation agent to promote PHB crystallization. Nanocomposites with 7 wt% PHBV-g-MWNT content exhibited an 88% increase in tensile strength and a 172% increase in elastic modulus compared to the control (Figure 11B). This improvement in mechanical reinforcing efficiency was attributed to effective load transfer from the polymer matrix to nanofillers (Zhang et al., 2008). The water uptake and water vapor permeability of the composite films were reduced by 67% and 33%, respectively, compared to the control. Such improved barrier properties were ascribed to the increased crystallinity of PHBV and tortuous path. In addition, the migration levels of simulants in the composite films were reduced below the legislative migration limits for food packaging materials (Figure 11C). Cui et al. (2020a) studied antimicrobial films of MWNT-PLA nanocomposites with the incorporation of cinnamaldehyde. With 1 wt% MWNTs, the composite exhibited significantly enhanced UV resistance. CNTs acted as a carrier system to prolong the release of volatile cinnamaldehyde. The resultant composite films showed strong antibacterial activity against E. coli and S. aureus. Similar observations of antimicrobial properties were reported in CNT-cellulose composites (Jatoi et al., 2020), CNT-chitosan composites (Kassem et al., 2019), and CNT-gelatin composites (Pattanshetti et al., 2020).
Graphene and its derivatives (GO and rGO) show potent antimicrobials as they affect the cell membrane and cell wall of microorganisms through physical demolition and chemical oxidation (Anand et al., 2019). Typically, three steps are involved in the antibacterial activity of graphene-based nanoparticles (Figure 10B) (Anand et al., 2019): 1) nanosheet deposition on the cell surface, 2) membrane disruption by the sharp edge of nanosheets, and 3) ROS formation. In general, GO has stronger antimicrobial activity than graphene and rGO against microbials because oxygen-containing functional groups on GO have stronger interactions with the cell to induce cell membrane stress. This physical membrane stress disturbs the cell integrity for bacterial inactivation. On the contrary, the formation of ROS results in oxidative stress, leading to the fragmentation of genomic DNA and cell death. The level of antimicrobial activity is determined by the synergistic effect of physical membrane stress and chemical oxidative stress (Anand et al., 2019). Liu et al. (2012) reported the intrinsic antibacterial activity of GO. Bacterial inactivation occurred in the first hour of incubation, and the cell death rate increased with GO concentration and the lateral size. It was suggested that the large GO nanosheets more easily covered the cells to block the active sites on membranes leading to cell death (Figure 11D). When metal or metal oxide nanoparticles are incorporated into GOs, doped GOs display enhanced antimicrobial activity due to the synergistic effect. Truong et al. (2020) reported the synergistic antibacterial activity of AgNP immobilized GOs. AgNP@GOs had a better bactericidal effect on E. coli (73%) and S. aureus (98.5%) than GO or AgNP. GO nanosheets folded entire bacteria while AgNPs penetrated the inner cell to kill the cell. Whitehead et al. (2017) studied the comparison of antibacterial effect between AgNP-doped GO and ZnO-doped GO. AgNP-doped GO was more effective than ZnO-doped GO in terms of antibacterial activity against E. coli, E. faecium, S. aureus, and K pneumoniae.
Graphene and its derivatives are widely used as reinforcing nanofillers and antibacterial agents in the biopolymer nanocomposites for active packaging applications. Arfat et al. reported GO-PLA nanocomposite films incorporated with clove essential oil via solution casting for food packaging applications (Arfat et al., 2018). The addition of 1 wt% GO led to a 40% reduction of oxygen permeability of the film, indicating a strong barrier effect of GO due to a tortuous path for permeation. The composite film exhibited strong inhibition against S. aureus and E. coli. Similar antimicrobial effects were also reported in electrospun mats of PLA incorporated with catechol-grafted GO (Zhang et al., 2018). Gouvêa et al. (2018) studied ZnO-doped rGO-PHBV nanocomposites for active food packaging. ZnO-doped rGO hybrids were synthesized by reducing GO and zinc acetate in a single reaction step. The incorporation of ZnO-doped rGO into the PHBV matrix enhanced the mechanical performance, and the composite films exhibited strong antibacterial activity against E. coli upon direct contact between bacterial cells and composite film. No GO nanosheets migrated to food simulants, whereas the amount of migrated ZnO was below the recommended level. Li et al. (2019b) studied PHBV composite films incorporated with CNC-GO hybrids for high-performance food packaging. Compared to neat PHBV, the tensile strength and Young’s modulus of the composites containing 1 wt% CNC-GO hybrids increased by 170 and 140%, respectively. The strong synergetic effect was attributed to strong interfacial interactions between the nanofiller and polymer matrix. The water absorption and water vapor permeability values of the 1 wt% hybrid-composite films decreased by 70% and 73%, respectively (Figure 11E). The increased barrier properties were ascribed to improved tortuosity of the permeant path and the enhanced interfacial interactions between the CNC-GO nanofiller and PHBV matrix. Compared to the control, the overall migration levels in isooctane and ethanol (10%) of the composite films were reduced by 62% and 50%, respectively (Figure 11F). In addition, the composite films exhibited very strong antimicrobial activity against E. coli and S. aureus. The authors also studied the composite films containing a single component nanofiller (CNC or GO) and found that hybrid reinforced composites displayed better properties than CNC or GO reinforced composites in terms of mechanical, thermal, and barrier properties as well as antibacterial activity, indicating a strong synergistic effect of CNC-GO hybrids.
3.4 Other Nanoparticle-Based Coatings
Besides nanoclays, nanocelluloses, and nanocarbons described above, many other nanoparticles are also incorporated into biopolymers to improve mechanical and barrier properties and antimicrobial activity for food packaging applications (Shatrohan Lal, 2014; Uysal Unalan et al., 2014; Arias et al., 2018; Ahari et al., 2021; Paidari and Ibrahim, 2021). Typically, the nanoparticles are classified into inorganic and organic nanoparticles that possess various shapes, including spheres, rods, discs, and sheets. The nanoparticles and their derivatives doped with other chemicals exhibit the synergistic effect on the protection of food against microbial spoilage once they are incorporated into the polymer matrix.
Metal and metal oxide nanoparticles, such as Ag, Au, Cu, Zn, ZnO, CuO, MgO, and TiO2, are widely used as nanobiocides to inhibit microbial growth (Uysal Unalan et al., 2014; Arias et al., 2018; Lallo da Silva et al., 2019). Nanoparticles can also act as nanobiosensors in food packaging to detect foodborne pathogens or identify environmental factors of food storage conditions. AgNPs possess excellent antimicrobial activity against a broad spectrum of bacteria and fungi (Ahari et al., 2021). AgNPs are readily incorporated into various biopolymers such as gelatin, cellulose, alginate, starch, and chitosan. The resultant AgNP-based nanocomposites exhibit high antibacterial activity against gram-positive and gram-negative bacteria (Kraśniewska et al., 2020).
In a study of AgNP-chitosan nanocomposites (Rehan et al., 2018), AgNP was in situ synthesized by reducing silver nitrate in the chitosan solution. The resultant composite film showed that AgNPs were homogeneously dispersed in the polymer matrix. As expected, the AgNP-chitosan composites displayed high antimicrobial activity against S. aureus, E. coli, and C. albicans. It was suggested that AgNPs had a rapid interaction with the pathogen cells to induce the disruption of the cell membrane resulting in cell death. Importantly, the composite films exhibited reduced or totally excluded cytotoxicity on mammalian somatic and tumoral cells. The incorporation of nanoclays into AgNP-chitosan composites further increased antimicrobial properties due to the synergistic effect. Cao et al. (2020) studied biopolymer films incorporated by TiO2-doped AgNPs for food packaging applications. TiO2-doped AgNPs acted as obstacles to significantly reduce water vapor permeability and oxygen transmission rate of the composite film, indicating increased barrier properties. The composite film containing 5 wt% TiO2-doped AgNPs showed unique synergistic antimicrobial activity against S. aureus and E. coli. The composite film was used to preserve cherry tomatoes for prolonged shelf life. The improvement in food preservation was ascribed to unique antibacterial effects.
ZnO NPs are one of the most popular metal oxides to control microbial growth (Lallo da Silva et al., 2019). ZnO is a semiconductor with a wide bandgap of 3.37 eV and a high exciton binding energy of 60 meV (Zhang et al., 2011). As an antimicrobial agent, ZnO NPs have a small particle size and high specific surface area leading to improvement in surface reactivity. ZnO NPs act in a non-specific manner to fight against microbial growth. The production of ROS by ZnO NPs is one of the most popular mechanisms responsible for antimicrobial activity (Lallo da Silva et al., 2019). ZnO has a conduction band and a valence band. During the photoreaction, free electrons in the conduction band react with dissolved oxygen molecules generating ROS that can penetrate the pathogen cell to kill microorganisms. Under acidic conditions, ZnO NPs will release Zn2+ ions that attack the cell wall to kill microorganisms. ZnO NPs are photoconductors, and their high photocatalytic efficiency will contribute to the antimicrobial effect. In addition, when ZnO NPs interact with the cell wall, the pathogen cells are damaged, resulting in disorganization of the membrane.
ZnO NPs have been incorporated into biopolymers for food packaging to extend the shelf life of food. In a study of ZnO-chitosan nanocomposites for food packaging applications (Rahman et al., 2017), ZnO NPs were synthesized in a simple one-pot procedure by decomposing zinc acetate in the chitosan solution. The resultant composite films had strong inhibition against the growth of E. coli and S. aureus compared to the pure chitosan. The antimicrobial activity of the composite film increased more or less linearly with ZnO NP loading. It was suggested that ZnO NPs released ROS and Zn2+ ions that killed the bacteria. The composite films were then stitched into pouch-like bags to store fresh raw meat. After 6 days of storage under refrigerated conditions, the composite films containing 26 wt% ZnO NPs exhibited a total inhibition of bacterial growth. Zhang et al. (2021a) studied ZnO-PLA fibrous composite membranes by electrospinning for food packaging. The tensile strength of the composite membrane with 0.5 wt% ZnO NPs showed a 55% increase compared to the pure PLA membrane. This mechanical reinforcement was ascribed to the favorable interaction between PLA and ZnO NPs via hydrogen bonding. The composite membranes exhibited strong antibacterial activity against E. coli and S. aureus. The inhibition zone increased with the content of ZnO NPs, and the composite membrane with 1 wt% ZnO NPs had the maximum antibacterial effect. After 1 hour of ultrasonication, the inhibition zones of E. coli and S. aureus increased significantly. Under ultrasonication, ZnO NPs were well dispersed in the polymer matrix, which increased contact between ZnO NPs and PLA, leading to enhanced antibacterial activity.
4 SAFETY CONCERNS OF POLYMER AND NANOPARTICLE-BASED COATINGS
US Food and Drug Administration (FDA) and European Food Safety Authority (EFSA) set guidelines under regulations Title 21 Code of Federal Regulations (21-CFR) and (EC) 1935/2004 for Food Contact Materials, respectively (Störmer et al., 2017). In particular, migrants from polymers or coatings may be a concern. Migration limits of various migrants have been defined and publicly available under “Specific Migration Limits” (SML) (EFSA Panel on Food Contact Materials Silano et al., 2020). EFSA has set Overall Migration Limits (OML) of 60 mg/kg (EFSA Panel on Food Contact Materials Silano et al., 2020). Acronym GRAS (generally recognized as safe) defined under of FDA is leveraged to indicate that the materials utilized are safe under the intended use conditions (Burdock and Carabin, 2004; Muncke et al., 2017). Starch, PLA, Chitin, Chitosan, Beeswax, Carnauba wax, Zein, and PBAT are identified as GRAS or approved for food contact applications (Siegenthaler et al., 2012; Zhang et al., 2015; Zhu, 2017; Ubeda et al., 2019; Szulc et al., 2020; Zhang et al., 2021b; Kritchenkov et al., 2021). However, any additives or processing aid can vary from grade to grade and supplier to supplier, as in the case with traditional petroderived mass plastics. The safety of any food contact materials and coating must be investigated at an early stage of application conceptualization.
Current studies on the toxicological effect of nanoparticle- (NP-) based coatings for food packaging on the human body are inconsistent and controversial due to the complexity of nanomaterials. The safety of NP-based coatings for food packing is highly dependent on the migration of NPs from packaging to foodstuff, which determine the toxicological profile of ingested NPs (Souza and Fernando, 2016; Ahari and Lahijani, 2021; Paidari et al., 2021). The migration behavior of NPs is considered a mass transfer process determined by many factors such as particle size, particle shape, interactions between particle and polymer matrix, heating, and storage time. In general, the migration of NPs from packaging would be slow, and the overall migration would be below the total legislative migration limit established for packaging materials. In a study of AgNP release from commercially available packaging materials in food simulants and meats, Trbojevich et al. (2020) reported that the AgNP release in meats (0.2–0.5 mg/kg) was much lower than that in food simulants (25 mg/kg) indicating an overestimating of AgNP migration in food simulants. It was reported that plate-like nanoclays exhibited lower migration than spherical AgNPs because of the larger size of nanoclays than AgNPs (Echegoyen et al., 2016). It was also observed that the release of nanoclays from packaging increased with storage temperature and time (Farhoodi et al., 2014). In a study of CNC-PLA composite films, Fortunati et al. (2012) reported that surface-modified CNCs had lower migration than pristine CNCs, which was attributed to better compatibility of modified CNCs with PLA than pristine CNCs. Recently, Yan et al. (2019) studied the graphene release from composite films into food simulants. It was found that the graphene release was a surface behavior as evidenced by the detachment of graphene-containing polymer flakes from the film surface. Similar nanocarbon release behavior from the film surface was observed in CNT-based composite films (Xia et al., 2017).
The potential health risk of the consumption of food containing NPs migrated from packaging is still far from being understood because it is highly dependent on NP sources, size, shape, surface chemistry, dose, and agglomeration (McCracken et al., 2016). The assessment of toxicity induced by digested NPs is focused on the epithelial cells of gastrointestinal (GI) tract and pathophysiological responses to oral NP administration to study basal cytotoxicity, inflammatory response, ROS generation, DNA damage, and protein dysfunction, among others (Naseer et al., 2018). In general, metal, metal oxide, and metalloid NPs are much more toxic than nanoclays, nanocarbons, and nanocellulose. Van der Zande et al. (2012) reported that AgNPs upon oral exposure were mainly present in the liver and spleen, followed by the lungs, kidney, testis, and brain, whereas the elimination of AgNPs in the testis and brain was extremely slow. McCracken et al. (2015) reported that AgNPs induced oxidative stress, cell cycle arrest, and inhibition of cell proliferation in the intestinal epithelial cells. Shipelin et al. (2020) studied the cytotoxic effects of nanoclays on the state of the barrier of the small intestine mucous membrane and observed nanoclay-induced disorders in the tissue structure. Digested nanoclays at a high dose of 100 mg/kg resulted in the formation of a dense layer of mucous overlays over the brush border of the enterocytes and absorption suppression of protein. Lopes et al. (2020) investigated the biological effect of digested CNFs in the GI tract. There was no cytotoxicity after exposure to unmodified and modified CNFs. Low or no cytotoxicity in the intestinal epithelium was also reported for pristine CNFs and CNCs (DeLoid et al., 2019). In a study of the cytotoxic effects of surface-functionalized GO, Jasim et al. (2016a) reported that the thicker GO accumulated in the liver and spleen, whereas thinner GO nanosheets were excreted through the renal pathway. There was no kidney function impairment up to 1 month after injection of individual GO at 10 mg/kg (Jasim et al., 2016b). However, the asbestos-like toxic behavior in the peritoneal cavity was reported for pristine CNTs (Poland et al., 2008). In a study of CD toxicity, Havrdova et al. (2016) reported that the neutral CDs showed high biocompatibility and no cytotoxicity, whereas surface-charged CDs caused high oxidative stress and affected the cell cycle. It should be noted that the current understanding of NP toxicity in the human body is limited, in particular for nanoclays, nanocellulose, and nanocarbons. Further investigations are needed concerning NP migration into foodstuff, NP absorption and reaction with organs, and NP excretion from the human body.
5 CONCLUSION
Coatings, essential for improved functional and barrier performance, can limit the repulpability and compostability of fibrous substrates. This review summarizes a multi-prong strategy to achieve sustainable repulpable barrier coatings for food packaging applications. Bio-derived macromolecular structures, bio-based compostable plastics, or petro-derived compostable polymers can be deployed. However, such structures may have some inherent limitations, which can be overcome by either deploying them as blends or as multilayer coating systems to reduce cost and achieve both water and oil barrier performance. Superior food packaging functional performance, such as antimicrobial properties and improved mechanical and barrier performance, can be achieved by adding nanoparticles, organic, inorganic, or hybrid fillers in the coating binder. Such high barrier and functional coatings promote circular bioeconomy, which reduces landfill burden generation from packaging material. Shelf life extension from active functional coatings can also contribute to reduced food wastage and carbon footprints.
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