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Abstract

:

Packaging plays an important role in food quality and safety, especially regarding waste and spoilage reduction. The main drawback is that the packaging industry is among the ones that is highly dependent on plastic usage. New alternatives to conventional plastic packaging such as biopolymers-based type are mandatory. Examples are cellulose films and its derivatives. These are among the most used options in the food packaging due to their unique characteristics, such as biocompatibility, environmental sustainability, low price, mechanical properties, and biodegradability. Emerging concepts such as active and intelligent packaging provides new solutions for an extending shelf-life, and it fights some limitations of cellulose films and improves the properties of the packaging. This article reviews the available cellulose polymers and derivatives that are used as sustainable alternatives for food packaging regarding their properties, characteristics, and functionalization towards active properties enhancement. In this way, several types of films that are prepared with cellulose and their derivatives, incorporating antimicrobial and antioxidant compounds, are herein described, and discussed.
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1. Introduction


It is essential to guarantee the quality and safety of food since their loss can lead to foodborne illnesses, constituting a public health problem [1]. According to the Centers for Disease Control and Prevention (CDCP), 48 million people get sick from a foodborne illness, 128,000 people are hospitalized, and 3000 people die each year. One of the well-known causes of these diseases are biological contaminants—pathogens—such as bacteria, viruses, fungi, or parasites, with the predominant symptoms being nausea, vomiting, diarrhea, fever, and gastroenteritis [2,3].



Due to these contaminations, the food becomes susceptible to biofilm formation, a survival strategy for bacteria and fungi against adverse environmental conditions such as antimicrobial chemical agents, oxidative stress, exposure to ultraviolet rays, and pH variations [4]. Biofilms are complex microbial ecosystems that are formed by one or more species which are immersed in an extracellular polymeric matrix of different compositions depending on the type of food manufacturing environment and the colonizing species [1,5]. Biofilms represent a major concern for the food industry. Bacteria adhere to food or packaging surfaces, develop organized structures and later, they may be responsible for foodborne diseases. Once they have developed, biofilms are difficult to eradicate, mainly due to their extremely strong and stable matrix [6]. In this way, biofilms may be a source of contamination, causing food spoilage, and consequently, food waste.



According to the Food and Agriculture Organization of the United Nations (FAO) (2011), “food waste corresponds to the loss of quantity and quality of food throughout the food chain, from production, post-harvest, to processing”. Every year, around 1.3 billion tons are wasted around the world, which is equivalent to a third of the food resources that are produced for human consumption [7].



Several factors may lead to food waste: errors in food production; contamination from the equipment that is used at each stage of the chain; the presence of specific contaminants above the limits that were established by the regulators; the discharge of food that does not detain the optimal color, shape, or size; food that is not consumed as it is outdated. Nevertheless, the factor that will have a higher impact is overproduction [8].



According to the 2022 data, the estimate is to reach 8 billion on 15 November 2022, and the average projection indicates that the global population will continue to grow to around 8.5 billion in 2030, 9.7 billion in 2050, and 10.4 billion in 2100 (Figure 1) [9].



To keep up with population growth, an increase in food production of around 70% is expected. Thus, it is to be expected that there will be more and more food waste, having a significant negative impact on the economic (loss to farmers, retailers, and consumers), social (supply for a growing population may not be guaranteed), and environmental aspects (ground, water, energy implications, and greenhouse gas emissions) [10,11].



Packaging separates the products from the external settings and has usually the purposes of containment, protection, convenience, and communication [12]. The use of food packaging can reduce food waste, food contamination, and related foodborne illnesses. This can be achieved if the packaging protects against odors, dust, microorganisms, gases, insects, and radiation/light [13]. The packaging must also be impermeable and non-toxic, with it aiming to provide useful information to the consumers. In this way, packaging increases the shelf life of the food and assures its quality and safety [14]. Nevertheless, the food packaging industry is one of several industries that uses plastic the most, accounting for 40.5% of its use [15]. Plastic is an issue that has received special attention due to its abundance, non-degradable nature, and persistence, as well as its impacts on biodiversity and the environment [16]. In 2020, the global production of plastic reached almost 370 million tons, with a decrease of 1 million tons from 2019 to 2020. Due to the COVID crisis, the European plastics value chain, which is composed by plastics producers, plastics converters, plastics recyclers, and machinery manufacturers, experienced a decrease both in its production and demand levels. In Europe, it reached 55 million tons in 2020, corresponding to a decrease of 2 million tons, when it was compared to that in 2019 [15].



The purpose of packaging is to protect the food from contamination, and any physical damage during transport, to preserve it from undesirable chemical and atmospheric environments, and in this way, to maintain its quality, a prolonged shelf life, and to avoid wasting the food products. Packaging is essential for the distribution process of the food industries, with the purpose of delivering their products into the market without them being damaged [17]. In package production, different polymers are used. Polymers are original, lightweight, easily processed and molded, and have multiple physical, mechanical, and optical characteristics, making them effective in meeting the requirements of effective packaging [18].



Most of the polymers that are used for packaging production can be obtained from petroleum, however, their disposal and time for degradation are a matter of great concern regarding environmental, health, and economical issues. Thus, the food packaging sector feels the need to be constantly innovating and trying to discover new alternatives [19].




2. Biopolymers Usage as Food Packaging Alternatives


Food packaging polymers can be classified as non-biodegradable and biodegradable (Figure 2). The non-biodegradable polymers are those that are based on petroleum such as polyolefins (PO) and polyesters, polyethylene terephthalate (PET), polycarbonate (PC), and polyethylene naphthalate (PEN). The other prominent materials are polystyrene (PS), polyvinyl chloride (PVC), ethylene vinyl alcohol (EVOH), polyamide (PA), polyethylene (PE), and polypropylene (PP). The biodegradable polymers can be of natural or synthetic origins (Figure 2). The natural polymers are obtained from biomass products (polysaccharides—starch, cellulose, agar, alginate, and carrageenan; proteins—whey, soy, casein, and gluten; lipids), from microorganisms (polyhydroxyalkanoate (PHA) and polyhydroxybutyrate (PHB)), and through biotechnology tools (polylactide and polylactic acid (PLA)). Some examples of biodegradable synthetic polymers are aliphatic polyester (polycaprolactone (PCL)), aliphatic copolyesters (polybutylene succinate (PBS)), and aromatic copolyesters (polypolybutyrate adipate terephthalate (PBAT)) [14,17,18].



Different alternative polymers have been gaining more attention as their use is considered to be important for the development of eco-friendly materials. As alternatives to the use of conventional plastic packaging, biological-based packaging has emerged, with biodegradable polymers, which have benefits for the environment [17,18]. Some of the polymers that have been proposed will be further presented.



2.1. Biobased Polymers


There are many examples of biopolymers used in food packaging (Figure 3).



Among the biobased materials, poly(lactic acid) (PLA) has emerged as the most favored bioplastic. PLA is an aliphatic polyester that can be produced by the polymerization of lactic acid (LA) which is derived from agricultural feedstocks. It is non-toxic, exhibits a suitable tensile strength, and it has greater thermal processability, which distinguishes it from other plastics. It exists in three isomeric forms, poly(L-lactide) (PLLA) and poly(D-lactic acid) which are crystalline polymers, and poly(D,L-lactide) that presents 50% of D and 50% of L, thus leading to it being an amorphous polymer. PLA has some limitations such as a low heat stability and a low barrier capability. The emerging research is exploring different approaches to overcome the mentioned drawbacks, namely using reinforced fillers and blending them with other polymers [20].



Natural polymers are the most promising since they are abundantly available in nature in the form of biomass, and most of them can be obtained from agricultural resources. Polysaccharides are the most important and popular bio-based polymers that are used to make bioplastics [21].



For instance, starch is hugely accessible, and it has a low cost, biodegradable features, and non-toxic properties [14]. It is a polysaccharide that is mostly found in carbohydrate plants, and it consists of a large number of glucose units that are linked by 1,4- and 1,6-glycosidic bonds, leading to linear and helical structures of amylose (amorphous and crystalline phases) and a branching structure of amylopectin (amorphous phase), respectively [19]. Depending on the source, starch can present significant differences regarding its properties. The world production of starch is predominantly based on four raw materials: corn, wheat, cassava, and potatoes. Although the starch from these sources is used in food packaging industry, it has unfavorable physical properties, thus making it unsuitable for this purpose. To overcome this issue, starch is functionalized with different plasticizers to have deformable thermoplastic properties—thermoplastic starches (TPSs). It has been very promising among the biobased materials that are available for the production of biodegradable food packaging [22].



Another promising natural polymer is chitosan that is a linear amino polysaccharide which is composed by D-glucosamine and N-acetyl-D-glucosamine units that derive from chitin after deacetylation. It retains excellent film forming properties and an antimicrobial activity, it is non-toxic, biocompatible and biodegradable, and in addition to this, it also presents a chelation ability. Chitosan has some solubility in acetic acid and hydrochloric acid, which leads to the film-forming ability. Chitosan-based films can be fabricated by casting methods, coating, layer-by-layer assembly, and they have modified characteristics such as antimicrobial, antioxidant, mechanical, and barrier properties. These films have been applied to meat, fruit, and vegetables due to their preservation properties and they can be used in the form of pure chitosan films, chitosan/biopolymer films, chitosan/synthetic polymer films, or chitosan derivative films [23,24].



Carrageenan, which is a polysaccharide that is extracted from marine algae, is one of the most promising phycocolloids that demonstrates an excellent film-forming ability. Carrageenan is obtained from red seaweeds of the class Rhodophyceae, and its polymer chains are formed by alternate units of D-galactose and 3,6-anhydrogalactose that are joined by α-1,3- and β-1,4-glycosidic linkages. The sulfate groups on the disaccharide repeating unit determine its classification into one of three major carrageenan types: lambda (λ), kappa (κ), and iota (ι). κ-Carrageenan has the strongest gelling ability. Using carrageenan for edible films and coatings covers a wide range of food industry applications such as fresh and frozen fish, meat, dried food product, and fruit coating. Moreover, carrageenan can also be functionalized to improve its properties, particularly in active packaging applications [25].



Another promising polysaccharide is cellulose. Cellulose is particularly special since it is a highly available, renewable, and biocompatible raw material [26]. It is composed of thousands of repeating D-glucose units that are linked by β-1,4 glycosidic bonds, and it is characterized by its hydrophilicity and chemically modifying capacity. Cellulose could act as a food filler or stabilizer, which can improve the stability, texture, and sensory characteristics of the food matrices [27]. Cellulose and its derivatives are the most abundantly used polymers in the food packaging. Cellulose can be obtained from the cell walls of plants [28]. Owing to their unique characteristics, such as biocompatibility, environmental sustainability, low price, mechanical properties, and biodegradability, cellulose and its derivatives are receiving a lot of attention in the food packaging. In addition, cellulose has a high thermal resistance, the ability to carry antioxidant and antibacterial agents, it can act as a barrier against ultraviolet rays, and it is non-toxic. In this way, it contributes to increasing the nutritional value and the shelf life of fruits and vegetables. However, they also have many limitations, like a high water absorption capacity and perform insufficient interfacial adhesion [28,29,30].



Cellulose and its derivatives present suitable and interesting properties for the production of food packaging biodegradable alternatives, and those will be further addressed.




2.2. Cellulose Derivatives and Properties


According to the type of treatment that cellulose sources are submitted to, namely acid hydrolysis, and other chemical reactions or mechanical treatments, cellulose can be classified in different shapes and sizes, corresponding to different microstructures features and properties such as nanocrystalline cellulose (NCC), nanofibrillated cellulose (NFC), and microcrystalline cellulose (MCC) (Figure 4) [27].



When cellulose undergoes diluted acid hydrolysis, MCC is originated, and rod-like particles are formed at a microscale diameter and length. The obtained MCC shows high crystallinity since the amorphous regions of the cellulose chain are partially removed during this type of treatment [34]. On the other hand, from strong acid hydrolysis, NCC is obtained, while from mechanical treatments, such as high-pressure homogenization or the application of high-intensity ultrasounds, NFC is generated. These two types of cellulose are classified as a nano-cellulose because of their nanoscale dimensions [35].



The cellulose derivatives include various esters and ethers, such as cellulose acetate (CA), cellulose nitrate (CN), cellulose sulfate (CS), ethyl cellulose (EC), methylcellulose (MC), carboxymethyl cellulose (CMC), hydroxyethyl cellulose (HEC), hydroxypropyl cellulose (HPC), hydroxypropyl methylcellulose (HPMC), and others (Figure 5) [27]. These will be further discussed, as we consider their importance, properties, characteristics, functionalization, and applications.



2.2.1. Cellulose Acetate


Cellulose acetate (CA) is an ester that is present in green plant cell walls, and it was first discovered in 1865 by Schutzenberger as a thermoplastic biodegradable polymer. CA is obtained by the reaction of cellulose with acetic anhydride and acetic acid in the presence of sulfuric acid. This derivative is insoluble in water, and it is soluble in acetone, dioxane, methyl acetate, and acetic acid. However, the solubility of CA depends on the degree of substitution [36]. It has stable hydrolytic capabilities, is decomposable, and is non-toxic. It presents a relatively low cost, is heat resistant, shows an excellent film-forming property, and a high chemical and mechanical stability [37]. As a membrane, CA is widely used in wastewater treatment [38], gas separation [39], energy generation [40], water desalination [41], wound dressing [42], biomedical purposes [43], and in the food and pharmaceutical industries [44]. For instance, in Said Mahmoud et al.’s work, a CA/nano Zero Valent Iron (nZVI) was indicated to efficiently remove different contaminants from domestic wastewater at a 60% water content because the nZVI improved the mechanical properties of the membrane such as oil and organic solvents resistance [45]. When it is used as fibers or nanofibers, CA can act in tissue engineering scaffolds, transdermal delivery systems, wound dressings, postsurgical devices, and implants. As an example, a study demonstrated two functionalities of CA nanofiber, i.e., its antibacterial properties and its slow release of vitamins by impregnating zinc oxide nanoparticles and vitamins (B2 and C). The nanoparticles revealed its antibacterial activity (>99%) against Staphylococcus aureus and Escherichia coli, and thus, its ability to avoid infections. On the other hand, the slow release of vitamins showed the potential of it as an oral delivery system [46]. In the food packaging field, polylactic acid/cellulose acetate films were fabricated via solvent casting using phenyl salicylate as an ultraviolet absorbent and antibacterial agent. The results showed that the films presented a complete absorption effect in the region of UV-C (280–100 nm) and UV-B (315–280 nm) and more than 95% absorption in the region of UV-A (400–315 nm). Moreover, the steam resistance, mechanical properties, and thermal stability of the films were improved, and they exhibited also better antibacterial activity against E. coli. These films were tested in fresh lilies, and this extended their storage time [47]. In another study, CA/geranyl acetate films were produced and showed excellent antibacterial activity against Gram-positive and Gram-negative bacteria, as well as good antifungal activity. Thus, these films seem promising to be used to produce active food packaging [48]. Laroque et al. prepared CA films by incorporating carvacrol in the solvent casting technique, and the results showed that carvacrol decreased the melting and glass transition temperatures of the films. The films were bactericidal against Weissella viridescens and Pseudomonas fluorescens, and this extended the shelf life of the vacuum-packaged hum by 2.8 times [49].




2.2.2. Cellulose Sulfate


Cellulose sulfate (CS) is another cellulose ester that has a simple chain structure and unique biological properties. It can be obtained by sulfation procedures using solvents such as sulfuric acid, sulfur trioxide, or chlorosulfonic acid. These synthetic procedures can be heterogeneous, quasi-homogeneous, and homogeneous based on the solubility of the substrates in the reaction media [50]. Cellulose sulfate shows antibacterial, antiviral, and anticoagulant properties, and it is soluble in water at high concentrations. These properties can be related to the presence of the sulfate groups and the broad degree of substitution. CS has some advantages such as easy preparation process, an affordable cost, an excellent biocompatibility, a film-forming ability, and biodegradability [51]. CS can be used to encapsulate enzymes and cells as inhibitors for HIV viruses and anticoagulant effectors for contraception and in drug delivery [52,53]. For instance, cellulose sulfate-chitosan hydrochloride microcapsules seem to be promising drug vehicles [54].



In the food packaging field, there are not many studies on CS, but its properties make it suitable to be used in this area. In Chen et al.’s study, the cellulose sulfate-based edible films were capable of prolonging the shelf life of bananas, and in general, the films could be applied in fruit coating, soluble packaging, and oily food packaging uses [55]. In another study, cellulose sulfate edible films which were incorporated with β-cyclodextrins and mustard essential oil (MO) have been addressed. The MO addition increased the mechanical properties, however, it did not affect the water vapor permeability, but it showed a great antimicrobial activity against E. coli and S. aureus. A film-forming solution without MO showed antibacterial activity not only for the bacteria that are mentioned above but also against Bacillus subtilis and Aspergillus niger, thus proving the potential of cellulose sulfate’s properties. Moreover, these films did not cause alterations in the foods’ organoleptic properties and taste [56].




2.2.3. Cellulose Nitrate


Cellulose nitrate (CN) or nitrocellulose is considered to be the first semi-synthetic polymer in the plastic industry. It is produced by nitration where the cellulose hydroxyl groups are substituted by the nitrate groups. Its properties such as a high mechanical strength, a good solubility, and compatibility with plasticizers explain its use in the explosives, plastics, coating, and ink industries. These properties and applications depend on the degree of nitration [51]. The flexibility and dimensional stability of CN has led to its use in cinematographic films and photography. However, these types of films are flammable [57]. CN is sensitive to heat and light, and to combat these disadvantages and to guarantee their environmental safety, controlling the CN degradation is essential [58]. Nitrocellulose can also be used in the application of biosensors and chips that can detect different antibodies, proteins, serums, and other chemicals that affect the homeostasis of the body [59]. In addition, CN is versatile, and it is beneficial in other fields, including in water filtration, electricity generation, catalysis, and coatings [60,61,62].



In the food packaging field, the antioxidant activity of CN films with Shellac and olive leaf extract (OLE) and grape pomace extract (GPE) was assessed. The research points out the potential of these two natural extracts, OLE and GPE, as components for antioxidant packaging formulation. Moreover, cellulose nitrate showed that it retained the natural antioxidants more effectively than Shellac did. These films could represent a valuable tool for the effectiveness of antioxidant packaging and contribute to a longer shelf life and the characteristics related to the improvement of packaged food [63]. However, this cellulose derivative is not used very much because there are some doubts about its film’s safety in food packaging applications [64].




2.2.4. Ethyl Cellulose


Ethyl cellulose (EC) is an ether that is produced by the reaction of alkali cellulose with ethyl chloride at 60 °C for several hours. The properties and applications of ethyl cellulose depend on the degree of etherification, the molecular weight, and the molecular uniformity. Solubility in most organic solvents, such as ethanol, methanol, or ethyl acetate, is typically achieved when a degree of substitution between 2.2 and 2.6 is present. In this way, EC is insoluble in water. It is a biodegradable and relatively low-cost polymer, it is not toxic, and it has an excellent film-forming capacity. Moreover, it is water resistant, presents barrier-forming characteristics, and it is strong at room temperature. [51,65,66]. This polymer has the potential to be used in biomedical applications, especially in drug delivery. A novel drug delivery system based on EC consisted of 3D-printed tablets with an internal scaffold structure for the release of ibuprofen. EC, ibuprofen, and other excipients were mixed and extruded into filaments, and then, they were printed into tablets. An optimized and completed drug release process was achieved within 24 h by adding a certain amount of release modifiers and by adjusting the fill pattern, fill density, and the shell thickness of the models [67]. It was also possible to produce nanofibers as potential wound dressing materials or fabricated scaffolds for bone tissue engineering [68,69].



EC films have demonstrated to have great potential to substitute conventional plasticized films in different fields. In food packaging, pure ethyl cellulose films cannot extend the shelf life of food, so they are blended with active agents to improve their properties. Li et al. suggested the application of konjac glucomannan and ethyl cellulose blended films for food packaging. This film presented a good moisture resistance, thermal stability, tensile strength, and an elongation at the break [70]. Capsaicin, a substance with good antioxidant and anti-inflammatory properties, was also added to an EC-based film as an antibacterial agent that can inhibit the activity of microorganisms on the surface of the film. The study demonstrated that capsaicin and EC interacted through the phenolic group in capsaicin and the hydroxyl group in EC, showing that this substance can participate in the formation of the film. The application of the capsaicin-EC film was efficient in retarding the bell pepper ripening process [71]. Another study reported novel poly(vinyl alcohol)/ethyl cellulose/tea polyphenol electrospun nanofibrous films as an active packaging material, which exhibited good physical properties and biological activity, and presented a good preservation effect on pork, by extending its shelf life by 3 days [72].




2.2.5. Methylcellulose


Methylcellulose (MC) is a cellulose ether derivative that is considered to be Generally Recognized As Safe (GRAS) by the U.S. Food and Drug Administration (FDA) [73]. MC can be produced by reacting alkali cellulose with a methylating agent, such as methyl chloride or dimethyl sulfate [51]. MC is available in a wide range of molecular weights grades, but commercially, it is available almost exclusively in low molecular weights (~10,000 Da) [74]. MC presents emulsifier, adhesive, and thickening properties, is water-soluble (up to 55 °C), and exhibits thermal gelation properties at elevated temperatures. Its aqueous solutions are stable across different pH values (2–12) without there being apparent changes in the viscosity parameters. Commercial MC is available with a viscosity of 4–3500 mPas. It is not soluble, or it shows lower solubility in solvents such as acetones or alcohols, thus limiting the available drug delivery formulation methods. However, all of these properties depend on its degree of substitution, solution concentration, salt content, heating rate, and polymer molecular weight [74,75].



Methylcellulose is used as an excipient in pharmaceutical formulations, as a coating agent for drug delivery and as a viscosity-enhancing polymer. It is also used as a film-forming and as a food additive. Sahoo and their co-workers synthetized gold nanostructures using environmentally friendly methylcellulose as a stabilizer and removal-reductant hydrogen gas as a reducing agent that is considered to be helpful for biomedical and pharmaceutical applications and also for large-scale production in the industry [76]. Its polymer gelation property has been demonstrated in several studies. In one of them, a hyaluronan/MC hydrogel promoted cell survival in vivo and tissue repair, and it is a versatile delivery vehicle for controlled biomolecule delivery directly to the central nervous system (to the brain, spinal cord, and retina). This represents great opportunities in regenerative medicine [77]. To modify the hydrophilicity of MC, crosslinking can be performed with chemical agents, such as aldehydes or epoxy compounds. Glutaraldehyde is a crosslinker that is often used in MC films, however, it is not recommended that should be used in food packaging due to its toxicity [78]. Usually, this agent improved the films’ properties, such as the water vapor barrier properties and its mechanical strength. Additionally, fruit extracts have also been incorporated into MC films for the improvement of their antimicrobial and antioxidant activities. In this way, the MC films can be used to ensure the foods’ safety and quality [79,80]. Another study reported the importance of MC and hydroxypropyl methylcellulose (HPMC) as an edible coating/film to increase the fruit’s glossiness and extend the shelf life of horticultural crops. They delayed their ripening, decreased the rate of respiration, and presented barrier properties [81].




2.2.6. Hydroxypropyl Methylcellulose


Hydroxypropyl methylcellulose (HPMC) is a cellulose ether that is formed by a based-catalyzed heterogeneous reaction of cellulose with methyl chloride and propylene oxide [74]. HPMC is soluble in water, biodegradable, cheap, transparent, odorless, flavorless, stable, oil-resistant, nontoxic, and biocompatible. Moreover, it presents a thermoplastic behavior, an uncharged nature, and a film-forming capability. HPMC has also received GRAS classification approval by the FDA, European Parliament and Council Directive (EU), and the Joint Expert Committee on Food Additives (JECFA) [82,83]. Because of these properties, HPMC has been extensively applied in the pharmaceutical field as a drug delivery matrix (film or gel) and in the food industry as a film former, emulsifier, stabilizer, or thickener. According to Tundisi et al., HPMC can be used in several ophthalmic drug formulations, such as eye drops, gels, inserts, and films, for different ocular diseases (dry eye state, age-related macular degeneration, diabetic retinopathy, retinal edema, conjunctivitis, glaucoma, and others) [83].



The HPMC polymer is appropriate to be used as a packaging material to extend the shelf life of fresh food due to its strong functional properties. However, HPMC films still require improvement regarding their water vapor properties as they are highly hydrophilic. For this, active compounds have been added to HPMC. For instance, glycerol and sorbitol are commonly used as plasticizers to improve the elasticity of the films. Other properties such as antioxidant, antimicrobial, gas permeability, and mechanical are enhanced by the addition of several compounds. Essential oils, organic and inorganic substances, extracts, lipids, or antioxidants are examples of compounds that can be used for the films’ improvement [82]. Among the active compounds, curcumin is an example that presents antioxidant, anti-inflammatory, anti-carcinogenic, antitumor, and antimicrobial activities. Nascimento da Silva et al. were the first to report the effects of curcumin on the physical and morphological properties of HPMC films. They highlighted that curcumin altered the optical properties of the films and can be released from the film to the food [84]. Lee et al. prepared an HPMC film, incorporating oregano essential oil, and this showed excellent antibacterial effects, especially against Salmonella typhimurium, antioxidant properties, and improved UV and water vapor barrier properties, which could be useful in active packaging [85]. Vieira et al. prepared a film with HPMC and silver nanoparticles to extend the papaya’s shelf life by controlling the development of anthracnose since the films presented antifungal properties against Colletotrichum gloeosporioides [86]. Song et al. prepared a film that used HPMC, chitosan, and glycerol, which showed antibacterial activity against E. coli and S. aureus, and so it is a promising material for food packaging as well as wound dressing and in cosmetics applications [87].




2.2.7. Carboxymethyl Cellulose


Carboxymethyl cellulose (CMC) is an ether that is obtained by the reaction of cellulose with monochloroacetic acid, where the hydroxyl groups are substituted by the carboxymethyl groups in carbons 2, 3, and 6 of each glucose residue [51]. After the etherification process, a linear long polysaccharide backbone with the carboxyl and hydroxyl surface groups is obtained. It has unique features such as a high chemical reactivity, water solubility, gelation capability, hydrophilicity, stability, non-toxicity, biocompatibility, and biodegradability.



These properties depend on its molecular weight, the degree of substitution, and the distribution of the carboxymethyl substituents along the polymer chains, and due to this, CMC can be used as an effective viscosity-increasing agent, a rheological control agent, a binder, a stabilizer, and a film former. Some disadvantages are its insolubility in some organic solvents such as ethanol [75].



Similarly, to the other cellulose derivatives, CMC can be applied in different fields such as in the biomedical, pharmaceutical, textile, construction, food, plastics, cosmetics, paper, and oil industries. In the biomedical fields, CMC is used in tissue engineering [88,89], bone-tissue engineering [90,91], and wound dressing [92,93]. CMC films have also gained interest over the last years in pharmaceutical applications, specifically, in drug delivery [94].



For instance, Koneru et al., studied the effect of incorporating grapefruit seed extract in hydrogel NaCMC-HPMC films, and those showed an excellent antimicrobial activity [95]. In food products and their packaging, CMC has been widely used as an auxiliary agent due to some of its properties, such as it being odorless, tasteless, and noncaloric. When a plant oil was incorporated in carboxymethyl cellulose/bacterial cellulose/glycerol-edible films the spoilage, and the weight loss of oranges and tomatoes was prevented, and their shelf life was increased at various temperatures. Moreover, there were no changes in its odor or color for up to 9 weeks [96]. Riahi et al. prepared a CMC-based film with chitosan-based carbon quantum dots, and the mechanical properties of the film were improved without them interfering with the film’s transparency. Additionally, the film showed excellent antimicrobial and antioxidant properties, by inhibiting mold and bacterial growth on the lemons and extending the shelf life [97]. In addition to active films, CMC has also been used in intelligent films. You et al. prepared a konjac glucomannan/CMC/blackcurrant anthocyanin film that was pH-responsive, and it was capable of monitoring the freshness of the fish in real-time. Blackcurrant is one of the most abundant sources of natural anthocyanins, and it has the same pH-responsive activity as other anthocyanins. In the pH range of 2–12, the color of the blackcurrant solution changes from red to white, and then, it changes to yellow-green. In addition, it showed antioxidant, antibacterial, antiviral, and anticancer activities [98].




2.2.8. Hydroxyethyl Cellulose


Hydroxyethyl cellulose (HEC) is produced by the treatment of pure cellulose (cellulose pulp) with sodium hydroxide solution to convert the cellulose into active alkali cellulose. This alkali cellulose reacts with gaseous ethylene oxide, and then, several etherification reactions occur, in which each hydrogen atom in the cellulose hydroxyl group is replaced by the hydroxyethyl group. This substitution is responsible for the polymer’s solubility in water [99]. HEC is a low-cost, tasteless, colorless light yellowish, and odorless powder. It is water-soluble, biocompatible, biodegradable, and nonionic, and it has the capability of thickening, binding, emulsifying, suspending, dispersing, stabilizing, and the ability to retain water and form films that provide good protective action. It is easily soluble in either hot or cold-water, producing solutions with a wide range of viscosities [100].



HEC is applied in different industrial fields, such as for thickening paints, the finishing of textiles, a thickener in cement mortar, and a sizing agent in paper making [101]. Ayouch et al. described the production of CMC-HEC hydrogel films using citric acid as a non-toxic crosslinking agent for its potential application in wastewater treatment. The films demonstrated a good thermal stability, high transparency, excellent swelling ability in neutral and in acidic media, and efficient adsorption for the removal of heavy metals and dyes from contaminated water sources [102]. In the biomedical field, HEC hydrogels have been prepared by the casting method technique and functionalized with tungsten oxide. They exhibit antimicrobial activity against Gram-negative and Gram-positive strains, and thus, they can be applied as a promising wound dressing material [103].



Regarding the food industry, several studies demonstrated the potential of HEC film in food packaging. Liu et al. produced an edible coating with HEC, sodium alginate, and asparagus extract for it to be applied on fresh strawberries during its storage. It showed the growth inhibition of Penicillium italicum, extending the postharvest life of the strawberries [104]. Fawal et al. considered that HEC films with zinc oxide are a promising material for food packaging applications due to their mechanical properties and antimicrobial activity [105]. In another study, a sustainable κ-carrageenan/HEC film reinforced with silica and silver nanoparticles showed significant activity against six common food pathogens, S. aureus, Bacillus cereus, Listeria monocytogenes, B. subtilis, S. typhi, and Cronobacter sakazakii. Thus, this film could be a potential candidate for active packaging and other biomedical applications [106].




2.2.9. Hydroxypropyl Cellulose


Hydroxypropyl cellulose (HPC) is prepared by reacting alkali cellulose with propylene oxide at an elevated temperature and pressure, thus leading to a nucleophilic ring opening. HPC is a non-ionic, amphiphilic cellulose ether that is soluble in aqueous and polar organic solvents such as methyl alcohol, ethyl alcohol, and isopropyl alcohol (95%). It is soluble in water that is below 40 °C and has interesting thermal gelation properties such as MC and some other cellulose ethers. As a result of this gelation property, HPC is insoluble in water that is above 45 °C, it is thermoplastic, has emulsifying and thickening properties, and is a good film former [74,101].



HPC is applied in the biomedical and pharmaceuticals fields and as a food additive. In the biomedical field, the most important application is its use in ophthalmology as a lubricant for artificial tears, and thus, to treat medical disorders such as insufficient tear production due to corneal erosions, decreased corneal sensitivity, and neuroparalytic keratitis [107]. An example of an eye lubricant is LACRISERT® (Lakewood, NJ, USA). Regarding the powder formulations, the effect of HPC on the nasal drug absorption of the powder was studied, and it was concluded that the nasal retention of different formulations was enhanced by HPC. This study indicated that the powder formulations that are supplemented with HPC are a promising approach to increase the nasal absorption of highly soluble and poorly permeable drugs [108]. Takeuchi et al. assessed the applicability of HPC to orally disintegrating film (ODF) and investigated the optimization of the formulation of HPC. Active pharmaceutical ingredients and excipients, such as ibuprofen and calcium carbonate, were added to the HPC formulation. The results showed that the disintegration time decreased as the thickness of the HPC films decreased, which can be controlled by the ingredients that were added. The HPC film with ibuprofen prolonged the disintegration time, and addition of the calcium carbonate particles to the film shortened it. Thus, HPC can be used as a base material for ODF applications [109].



In the food packaging field, the ability to formulate HPC gels from only water and “food-grade” constituents allow for a wide range of potential applications, ranging from mechanochromic materials, colorant-free food decoration to short-term sensors in biodegradable smart labels [110]. In another study, an HPC film incorporating rice straw oxidized cellulose nanocrystals (OXCNC) was used as a paper coating. The authors reported that the adding of OXCNC increased the water vapor permeability of the HPC films due to their hydrophilic nature, and that the HPC/10% OXCNC film was found to have the maximum tensile strength properties, and so, it was chosen for coating the bagasse paper sheets. This coating with HPC/OXCNC improved the mechanical properties and reduced the porosity more than the pristine HPC could [111].



To conclude, cellulose-based films are widely used in the food packaging industry because of their unique properties. With scientific advances, innovative approaches are increasingly being taken such as active and intelligent packaging, and those will be further discussed.





2.3. Novel Cellulose-Based Films Aiming Food Packaging Applications


Although cellulose is one of the most used biopolymers, cellulose-based films have some limitations, such as their moisture-barrier ability due to the hydrophilic nature of these films, and they have limited functional characteristics [27]. In the case of MC and HPMC, although they have a good resistance to carbon dioxide, oxygen, and lipid, they are poor water vapor barriers [112]. The use of CMC is also limited due to its poor mechanical properties. CA detains limited mechanical, barrier, and thermal properties [113]. Besides those of the cellulose-based films functionalization towards the improvement of their physicochemical properties, the addition of bioactive compounds may enhance their bioactive properties. Active packaging emerges as an innovative approach, promoting the improvement and reinforcement of the antioxidant and antimicrobial properties of the biodegradable films [114]. As a result, the reduction of the microbial contamination and spoilage resulting from active packaging materials not only extends the shelf-life, but it also improves the safety, quality, and even the sensory properties of the packed product. Some examples of the main compounds for the active packaging are oxygen, carbon dioxide, and ethylene scavengers; carbon dioxide emitters; odor emitters and absorbers; relative humidity regulators; antibacterial substances; antioxidants [115].



2.3.1. Cellulose Films with Antimicrobial Properties


Antimicrobial food packaging is one of the most promising strategies. Bacteriocins, enzymes, metals, chemicals, and biopolymers are examples of active compounds that have been incorporated into packaging films, and they are shown in Table 1. These antimicrobial agents have been applied mostly in the packaging of fruits and vegetables, but also of fish, meat, and dairy products [116].



Since cellulose is an excellent biopolymer, its incorporation with active compounds will improve its properties. Several studies have demonstrated the antimicrobial properties of essential oils (EO) and plant extracts (PE) against a wide range of foodborne pathogens. EOs are organic substances that are obtained from leaves, flowers, seeds, buds, bark, and stems, and their antimicrobial effects are associated with the hydrophobic nature that allows them to permeate through membranes. PEs result from crude mixtures of natural compounds [117,118]. For instance, cellulose acetate films with the incorporation of pink pepper essential oil have demonstrated an antibacterial activity against Gram-positive foodborne pathogens (Listeria monocytogenes and Staphylococcus aureus) in sliced cheese, thereby extending its shelf life [119]. Another study was based on two essential oils, Rosemary and Aloe Vera, which were incorporated into the cellulose acetate films. The antimicrobial activity against Gram-negative (E. coli) and Gram-positive (B. subtilis) bacteria increased with the increase in the essential oil content [120]. Carboxymethyl cellulose films are also widely studied in the food packaging field. Sodium alginate/CMC films which were incorporated with cinnamon essential oil (CEO) demonstrated an excellent antimicrobial activity against E. coli and S. aureus, and the inhibitory effects on S. aureus increased with the increasing of the CEO. Furthermore, the CEO improved the physical properties of films, its incorporation increased the thickness, water vapor, and oxygen permeability and reduced the moisture content and tensile strength of them. These films can be used for the preservation of bananas, thereby extending their shelf life [121]. Additionally, with cinnamon oil, Noshirvani et al. prepared CMC/chitosan films. They also included ginger oil, and the results showed that the cinnamon oil plasticized the films and presented a higher antifungal activity in vitro against Aspergillus niger than ginger oil did [122]. Carboxymethyl cellulose–polyvinyl alcohol films with clove oil have been demonstrated to be active against S. aureus, and B. cereus. Ground chicken meat that had been packaged in these films showed lower total viable counts and displayed a shelf life of 12 days, whereas the control samples became spoiled within 4 days in the fridge [123]. For the preservation of high-fat meat products, a multifunctional CMC film that was combined with zinc oxide nanoparticles and grape seed extract was fabricated by Priyadarshi et al. [124]. The films showed antimicrobial activity against the common foodborne pathogens, E. coli and L. monocytogenes. Choi et al. tested the effect of a hydroxypropyl methylcellulose (HPMC) edible film containing oregano essential oil (OEO) and bergamot essential oil (BEO) at different concentrations for fresh “Formosa” plums. The antimicrobial activity of the films was tested against E. coli, and the results indicated that the E. coli colonies decreased with increasing essential oil concentration. However, the film containing OEO proved to be the most efficient regarding the antimicrobial effect and thus, it contributed to extending the plums’ freshness [125].



Bacteriocins are ribosomal synthesized antimicrobial peptides or complex proteins that are secreted by bacteria, which can kill or inhibit different bacterial strains. Because of their physical stability and non-toxicity, they have been reported to be food preservatives [126]. Nisin is the most common bacteriocin, and it is noted as being GRAS. Hence, several studies with cellulose derivatives, such as HPMC or CMC, have used this natural compound [127,128]. Bioactive films HPMC, nisin (N), and different percentages (from 5 to 75 wt.%) of TEMPO-oxidized nanofibrillated cellulose (NFC) that was isolated from rice straw pulp were prepared, and their properties were studied. The HPMC/N, NFC/N, and HPMC/N/NFC films exhibited significant antimicrobial activities against S. aureus with the visible controlled release of nisin in the case of films HPMC/NFC [127]. Freitas et al. prepared HPMC films with the incorporation of nisin Z under different concentrations (0%, 5%, 10%, 15%, and 20% wt.%), which is the most common variant of nisin that is used in the industry and in food research. The films with 10% (wt.%) of nisin Z and the control films were placed in contact with sliced mozzarella cheese for 8 days. The antimicrobial effect of nisin Z was verified against S. aureus and Listeria innocua. Nisin Z did not influence the mechanical properties of the films, and it is shows promise to be used for food packaging [128]. Lactic acid bacteria are also used as a food preservative as they present probiotic effects, show good antibacterial activity, and because the lactic acid that is produced can inhibit the growth of other bacteria. Lan et al. prepared edible films by embedding Lactococcus lactis in corn starch, and CMC. L. lactis improved the barrier properties of the films, and its antimicrobial activity against S. aureus prevailed after 8 days. These films can release 3.35 mg/mL of nisin since the L. lactis subspecies can produce this bacteriocin [129].



According to the World Health Organization (WHO), lysozyme (Lys) is considered a food preservative due to its antibacterial function and its stability at different pH and temperature values. It is a lytic enzyme that exists in animals, plants, and egg white, and its antibacterial principle is to catalyze the hydrolysis of 1,4-β-linkages glycosidic bonds between the N-acetylmuramic acid and N-acetyl-d-glucosamine residues that are present in the peptidoglycan layer of bacterial cells, thus leading to the damage of the Gram-positive bacteria cell walls [130,131]. In recent years, some studies have demonstrated the efficiency of lysozyme as an antibacterial agent in cellulose film preparation. In Hu et al.’s work, the presence of lysozyme improved the mechanical properties of the CMC films and showed an inhibitory effect against S. aureus and E. coli O157:H7, this presenting a better result against S. aureus, which can be explained by the differences in the cell wall structures of these bacteria [131]. Another study showed that gelatin/sodium CMC mucoadhesive films with lysozyme had a 100% bactericidal effect against S. aureus ATCC 25923 F-49, and they demonstrated activity against Pseudomonas aeruginosa 415, E. coli 055 K59912/4, and Candida albicans ATCC 855–653, which was somewhat smaller than the former, but it was still high [132].



Metal ions are capable of penetrating bacteria, inactivating their enzymes, or generating hydrogen peroxide, thus killing the bacteria [126]. Silver is one of the metals that is very often used as an antimicrobial agent. Marrez et al., reported that cellulose acetate film containing silver nanoparticles showed high antibacterial activity against S. aureus, B. cereus, S. typhi, E. coli, K. pnuemoniae, and low activity against Pseudomonas spp. In addition, the films showed no toxic effect on the larvae, thereby increasing the possibility of applying these films to active packaging [133]. Dairi et al. prepared a CA/triethyl citrate film with silver nanoparticles (AgNPs)/gelatin-modified montmorillonite nanofiller (AgM) and thymol (Th). The AgNPs influenced the antimicrobial activity, and E. coli was found to be most sensitive type to it. The results of this report showed great potential for CA/silver film applications to the active packaging of different food products [134]. In addition to silver, zinc oxide and copper oxide have also been used in cellulose films as an antibacterial agent. Ebrahimi et al. showed the preparation of CMC films with these three metals, demonstrating their activity against E. coli and S. aureus [113]. Another metal that can be used is titanium, which improves the mechanical, thermal, antimicrobial, UV-shielding, and water barrier properties of the films [135].



Chemicals such as sorbic acid have been used as preservatives in the food sector due to their efficacy in the weak acid pH range and their neutral taste. Sorbic acid is lipophilic, and it diffuses across the cell membrane and inhibits microbial growth. Yu et al., used potassium sorbate in methoxyl pectin/CMC films, and they observed that the release of the antimicrobial agent onto the food surface could contribute to food safety [136].



Some biopolymers are commonly blended with cellulose. Some of them, such as chitosan, are inherently antimicrobial. The antimicrobial properties of chitosan-CMC films were tested, and the shelf life of sliced bread increased from 3 to 35 days [137]. Other chitosan-CMC films were also investigated using zinc oxide nanoparticles. The prepared bionanocomposites displayed good antibacterial activity against Gram-positive (S. aureus) bacteria, Gram-negative (P. aeruginosa, E. coli) bacteria, and fungi (C. albicans). Moreover, these packaging films aided in increasing the shelf life of soft white cheese [138]. Other findings demonstrate that CMC-sodium caseinate films containing probiotic bacteria inhibit the growth of bacteria, thereby increasing the shelf-life of trout fillets, and maintaining their freshness for 14 days of storage [139].
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Table 1. Summary of antimicrobial cellulose films functionalized with active compounds/extracts, showing beneficial properties for food packaging.
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Active Compounds/Extracts

	
Cellulose Matrix

	
Functions

	
Ref.






	
Pink pepper EO

	
CA

	

	-

	
Antibacterial activity against Gram-positive foodborne pathogens (L. monocytogenes and S. aureus) in sliced cheese, thereby extending its shelf life.







	
[119]




	
Rosemary and Aloe Vera EOs

	
CA

	

	-

	
Antimicrobial activity against Gram-negative (E. coli) and Gram-positive (B. subtilis) bacteria.







	
[120]




	
Cinnamon EO

	
CMC

	

	-

	
Good activity against E. coli and S. aureus, thereby extending the shelf life of bananas.







	
[121]




	
Cinnamon and ginger EOs

	
CMC/chitosan

	

	-

	
Films with cinnamon EO presented a higher antifungal activity against A. niger than those with ginger EO;




	-

	
Cinnamon oil plasticized films;




	-

	
The films can be used for food preservation.







	
[122]




	
Clove oil

	
CMC

	

	-

	
Ground chicken meat samples packed in these films had lower total viable counts and displayed a shelf life of 12 days, whereas control samples spoiled within 4 days during refrigerated storage. Efficacy against S. aureus and B. cereus bacteria.







	
[123]




	
Zinc oxide nanoparticles/Grape seed extract

	
CMC

	

	-

	
Films displayed the potential to extend the shelf life of high-fat meats;




	-

	
Potent antibacterial activity against E. coli and L. monocytogenes.







	
[124]




	
Oregano and bergamot EOs

	
HPMC

	

	-

	
The HPMC film containing 2% OEO had better antimicrobial properties against E. coli than those with 2% BEO did;




	-

	
These films contribute to extending the plum’s freshness.







	
[125]




	
Nisin

	
HPMC

	

	-

	
The HPMC/N, nanofibrillated cellulose (NFC)/N, and HPMC/N/NFC films exhibited significant antimicrobial activities against S. aureus with noticeable controlled release of nisin in the case of films containing HPMC/NFC.







	
[127]




	
HPMC

	

	-

	
Nisin Z presented antimicrobial activity mainly against L. innocua and S. aureus;




	-

	
The mechanical properties of the films were not altered by the bacteriocin;




	-

	
These films can be used as active packaging for dairy foods since they showed good results with sliced mozzarella cheese.







	
[128]




	
Nisin and Lactococcus lactis

	
CMC/corn starch

	

	-

	
The composite film with 1.5% L. lactis showed the highest release of nisin and good antibacterial activity against S. aureus after 8 days.







	
[129]




	
Lysozyme

	
CMC

	

	-

	
CMC-lysozyme film was more water-resistant, had better mechanical properties, and showed antibacterial properties.







	
[131]




	
Sodium-CMC/Gelatin

	

	-

	
The enzyme in films retained more than 95% of its initial activity after 3 years of storage;




	-

	
Films have a 100% bactericidal effect on the S. aureus.







	
[132]




	
Silver nanoparticles

	
CA

	

	-

	
High antibacterial activity against S. aureus, B. cereus, S. typhi, E. coli, K. pnuemoniae, and low activity against Pseudomonas spp. The films showed no toxic effect on larvae;







	
[133]




	

	-

	
Antimicrobial activity against E. coli.







	
[134]




	
Silver, zinc oxide, and copper oxide nanoparticles

	
CMC

	

	-

	
Antibacterial activity against E. coli and S. aureus.







	
[113]




	
Titanium

	
CMC

	

	-

	
Improve the mechanical, thermal, antimicrobial, UV-shielding, and water barrier properties.







	
[135]




	
Potassium sorbate

	
CMC/Pectin

	

	-

	
Enhancement of food safety due to antimicrobial property.







	
[136]




	
Chitosan/Zinc oxide nanoparticles

	
CMC

	

	-

	
This packaging material increases the shelf life of sliced wheat bread, thereby restricting its water loss and decreasing fungal growth;




	-

	
Improvement of mechanical properties.







	
[137]




	
Chitosan/Zinc oxide nanoparticles

	
CMC

	

	-

	
The obtained bionanocomposite extends the shelf life of cheese during the storage period, thereby displaying good antibacterial activity against S. aureus, Pseudomonas aeruginosa, E. coli bacteria, and fungi Candida albicans.







	
[138]




	
Sodium caseinate

	
CMC/Sodium caseinate

	

	-

	
Probiotic (Lactobacillus acidophilus, L. reuteri, L. casei, L. rhamnosus, and Bifidobacterium bifidum) CMC-sodium caseinate films increased the shelf-life of trout fillets.







	
[139]








CA—cellulose acetate; CMC—carboxymethylcellulose; HPMC—hydroxypropyl methylcellulose; HEC—hydroxyethyl cellulose; MC—methylcellulose; EO—essential oil.














2.3.2. Cellulose Films with Antioxidant Properties


Lipid oxidation is another cause of food spoilage. The oxidation of food products results in a decrease in the nutritional value of the food, and consequently, a decrease in the energy content, origins odors, and color change, which are important factors for the consumer [140]. To solve this problem, the approach of the addition of antioxidants to foods or food packaging has been adopted, and this is shown in Table 2.



Antioxidants can be synthetic or natural. Natural antioxidants such as tocopherol, plant extracts, and essential oils from herbs and spices have been gaining more attention because of the toxicity of the synthetic antioxidants, such as polyphenol, organophosphate, and thioester compounds [141]. An example of the various natural antioxidants that can be used in active biodegradable films are carotenoids, which are a class of compounds that are usually used as natural dyes. According to Assis et al. [142], the addition of the natural antioxidants norbixin, lycopene, and zeaxanthin demonstrated the potential of their application in the development of cellulose acetate films. The addition of those carotenoids improved physical, mechanical, and barrier properties,. Other studies with cellulose derivatives (CMC, HPMC, HEC, and MC) have described that the incorporation of fruits extracts, such as murta fruit and pomegranate seed, contributed to the antioxidant activity of the films due to the diverse phenolic compounds content [79,143]. There are many other studies with CMC derivatives because of its good film-forming properties. He et al. described a CMC-gelatin film that was functionalized with the antioxidants of bamboo leaves. The obtained films improved the light barrier properties and scavenging of the DPPH radicals with an increasing antioxidant content [144]. More natural antioxidants such as Chinese chives, α-tocopherol, curcumin, and epigallocatechin gallate were incorporated into carboxymethyl cellulose films. The results showed that they could be used as antioxidant agents [145,146,147,148]. Berry extracts are also widely used in functional cellulose films. For instance, the leaves and fruits of Maqui have been used in the treatment of sore throats, kidney pains, ulcers, fever, lesions, migraines, etc. Additionally, several reports have already proven that maqui extracts could act as a cardio protective, antioxidant, digestive, anti-inflammatory, and anti-migraine agents due to their high content of phenolic compounds [80]. An ethyl cellulose derivative was mixed with polydimethylsiloxane (PMDS) to form films, and clove essential oil was added, which increased the flexibility and antioxidant activity of the film. In addition, the film showed also antimicrobial properties, by reducing the biofilm formation on the films [149]. Methylcellulose films were developed containing Lippia alba extract and silver nanoparticles. This extract contained several phenolic compounds that are capable of biosynthesizing the metal nanoparticles. In this case, the presence of the silver nanoparticles increased the antioxidant activity of the MC films. In addition, the films presented an antimicrobial activity [150]. Another study that used MC as a biopolymer for film production incorporated chitosan ascorbate which presented an excellent antioxidant capacity and a great ability for blocking UV-Vis light. Chitosan ascorbate that is blending with MC aids to improve its insufficient mechanical strength, which is important for food packaging materials. So, these films demonstrated good physicochemical and antioxidant properties, thereby showing their potential for their use in food packaging [151].
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Table 2. Summary of antioxidant cellulose films functionalized with active compounds/extracts, showing beneficial properties for food packaging.
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	Active Compounds/Extracts
	Cellulose Matrix
	Functions
	Ref.





	Carotenoids: norbixin, lycopene, zeaxanthin
	CA
	
	-

	
Films with norbixin or lycopene showed higher properties (lower formation of oxidation products) during the storage of sunflower oil under controlled oxidation conditions when they were compared to zeaxanthin. High stability of these pigments.






	[142]



	Murta extract
	MC-Glutaraldehyde (GA)
	
	-

	
Cross-linker GA aid to increase water resistance of films and other mechanical properties;




	-

	
Antioxidant and antimicrobial activities improved with a decrease in GA concentration.






	[79]



	Pomegranate seed extract
	CMC, HEC, HPMC, MC
	
	-

	
The extract caused an increase in the antioxidant power of these films.






	[143]



	Antioxidants of bamboo leaves
	CMC
	
	-

	
The light barrier properties and scavenging rate of DPPH radicals were enhanced with the increase in AOB content.






	[1144]



	Chinese chives root extract
	CMC
	
	-

	
The antioxidant activity of films is enhanced by the addition of extract, and it increases with the increasing concentration of it.






	[145]



	α-tocopherol
	CMC-lecithin/CMC-Tween80
	
	-

	
Films showed antioxidant activity, and when lecithin is incorporated α–tocopherol is more stable, increasing its function.






	[146]



	Curcumin and Zinc oxide
	CMC
	
	-

	
Film showed strong antioxidant and antibacterial activity, and the curcumin was responsible for antioxidant activity;




	-

	
UV light barrier properties were improved, contributing also to preventing photooxidation.






	[147]



	Epigallocatechin gallate(EGCG)
	Sodium alginate (SA)-CMC
	
	-

	
The release and DPPH radical scavenging assay of incorporating EGCG in SA-CMC films showed that the obtained SA-CMC films with high EGCG content could release EGCG slowly and had strong antioxidant activity in fatty foods.






	[148]



	Maqui extract
	MC-Glutaraldehyde (GA)
	
	-

	
The extract is a potential source of antioxidants, but when GA concentration increases, phenolic compounds decrease.






	[80]



	Clove EO
	EC
	
	-

	
The addition of clove oil showed antioxidant and antimicrobial properties in the films. Its presence also reduced biofilm formation.






	[149]



	Lippia alba extract and Silver nanoparticles
	MC
	
	-

	
The films with silver nanoparticles showed the best antioxidant activity;




	-

	
The metal nanoparticles improved the mechanical properties and antimicrobial activity;




	-

	
These films are a good alternative for food packaging as they are able to prevent lipid oxidation and increase the shelf life of food products.






	[150]



	Chitosan ascorbate
	MC
	
	-

	
Great antioxidant activity and the ability for blocking UV-Vis light.






	[151]







CA—cellulose acetate; MC—methylcellulose; HPMC—hydroxypropyl methylcellulose; CMC—carboxymethylcellulose; HEC—hydroxyethyl cellulose; EC—ethyl cellulose.














2.3.3. Intelligent Cellulose Films


Intelligent packaging is an emerging technique in the food packaging industry. According to the EFSA, “Intelligent packaging” can be defined as the use of “Intelligent food contact materials that monitor the condition of packaged food or the surrounding environment, for instance by providing information on the freshness of the food” [152].



The intelligent systems can be, for instance, incorporated or printed labels on the food packaging material which offers the possibility to check product quality, track critical items, and provide more detailed information throughout the food supply chain (storage, transport, distribution and sale) [153]. While the active package is linked to the release of the active components that interact with the food and extent the shelf-life of the product, intelligent packaging provides the information that is related to food quality and safety to manufacturers, retailers, and/or consumers [153].



Examples of intelligent food packaging include the use of indicators, sensors and data carriers. For instance, sensors that can communicate the journey of the product from the production until it is in the hands of the consumer, showing for instance the temperature conditions that the product has been submitted during its life cycle. Other examples include freshness indicators that can be visual (by tags with color modification) or they may require technology such as QR codes that can be read by a smartphone [154].



The indicators can report on the product or environment changes, for instance, those relating to temperature, pH, oxygen, freshness. The information that is provided can be visual, qualitative, or semiquantitative, and it is often associated with the color change of a tag. Among the most studied ones are the pH indicators that provide information on the pH alterations that can occur with specific reactions that are related to the product’s freshness (e.g., formation of acids or amines). Other examples include indicators of the carbon dioxide production that is related to the microorganism contamination, pathogen indicators that work by reacting with toxins through various chemical and immunochemical methods (e.g., Escherichia coli O157 specific), and hydrogen sulfite presence that is related to meat deterioration [153,155].



The use of films is the simplest and cheaper means for developing intelligent food packaging. They can be obtained by the sensors and film-forming materials [156].



Although the sensors for monitoring food quality can be incorporated into films, cellulose-based intelligent films that can be found in the literature aims to monitor food freshness through pH indicators (Table 3). These freshness indicators are used to provide information on the microbial growth and chemical changes that lead to pH alterations, thereby leading to qualitative information through visual color changes [157]. Most of them were obtained by a combination of the biopolymers with extracts from fruits or vegetables since the presence of the natural pigments anthocyanins makes pH alterations visible by color changes [158,159]. According to several studies [160,161], the potential of the red cabbage extract was verified through an analysis of its color changes under different pH conditions. In this way, the red cabbage extract works as a good natural colorant for its incorporation in cellulose acetate and carboxymethyl cellulose matrix films. Still, in another study, red cabbage extract acted as a pH indicator. The researchers produced HPMC and red cabbage extract films and tested them in different pH solutions (2, 4, 7, and 9). All of these films detected ammonia, and thus, they changed their color [162].



In turn, pyranoflavylium salts are anthocyanin-derived pigments that also can change color according to pH variations, and they have been described as being more stable than anthocyanins. Gomes et al. reported the incorporation of this pigment into cellulose acetate-based films with plasticizer glycerol to build up a colorimetric pH indicator as a smart label for monitoring the food’s freshness [163].



Studies with berry extracts, such as mulberry and barberry, which were incorporated into the films of hydroxypropyl methylcellulose and methylcellulose matrices, respectively, also demonstrated that they can be used as pH-sensitive color indicators, and thus, they allowed the films to monitor the fish’s freshness [164,165]. Jambolão (Syzygium cumini) fruit also presents a great quantity of anthocyanins, which present color changing properties when they are under pH variations. MC films that were incorporated with Jambolão extract were produced, showing them to be pH-sensitive and that they presented an antioxidant activity. Thus, the produced films offer benefits by increasing the food’s shelf life and providing information on the product’s freshness to the consumers. Moreover, they were suitable to be applied in meat or aquatic products because these are the products wherein lipid oxidation occurs [166].



There are a few studies of blackcurrant anthocyanins, but they have the same response as other anthocyanins do [98]. Liu et al. fabricated a new pH-indicating film based on CMC and gelatin, curcumin, and chitosan for monitoring the freshness of pork [167]. Boonsiriwit et al. prepared an HPMC/microcrystalline cellulose film, incorporating butterfly pea anthocyanins that showed a high sensitivity to the pH and ammonia. These films showed to be promising in monitoring the fish’s freshness [168]. Jiang et al. prepared CMC/starch and purple sweet potato anthocyanins films, which were sensitive to ammonia and pH changes and can be used to monitor the real-time freshness of fish [169]. Moreover, CMC-ovalbumin films that were incorporated with blueberry anthocyanins were prepared to monitor the mushrooms’ freshness. Those films had a color response to carbon dioxide gas release and to different pH buffers, with it changing from a purple to a pink color [170].






3. Conclusions


The current review addresses the recent advances in biodegradable cellulose-based films for their diverse applications, and specifically, for food packaging that has been essential in recent decades. Different cellulose derivatives can be pointed out as alternatives for the petroleum-based materials that are used in food packaging due to their film-forming ability and biodegradability. The most common cellulose derivatives that are presented and discussed herein were cellulose acetate, cellulose sulfate, cellulose nitrate, ethyl cellulose, methylcellulose, hydroxypropyl methylcellulose, carboxymethyl cellulose, hydroxyethyl cellulose, and hydroxypropyl cellulose. The functionalization of cellulose-based films to be used in active packaging has also emerged since the incorporation of active molecules that will be released to the food and food environment may enhance the shelf life of the products and reduce the waste. Cellulose-based active films have been produced mainly by the incorporation of natural antimicrobials and antioxidants, and most of them were isolated from fruits, vegetables, or plants. On the other hand, the achievement of intelligent films with cellulose derivatives has only been explored as pH-sensitive films that can provide information on the pH variations that are often associated with reactions that occur as the product deteriorates. Thus, the present work has reviewed the most significant results that are related to active and intelligent packaging. All of these functionalized films for packaging have a low-cost, are safe, and easy to fabricate, and so, they are expected to be used in a near future due to their contribution to shelf-life extension, quality, and the safety of the food products.



Further research in this area of smart packaging such as combining active and intelligent solutions will certainly improve the packaging as it is known today.







Author Contributions


S.R.: writing—original draft preparation A.B.: writing—review and editing I.A.C.R.: supervision, writing—review and editing; All authors have read and agreed to the published version of the manuscript.




Funding


Fundação para a Ciência e Tecnologia (FCT), national funds under the project UIDB/04138/2020 and UIDP/04138/2020.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


The Graphical Abstract was created with Biorender.com.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fay, D.L. Foodborne Diseases; Holban, A.M., Grumezescu, A.M., Eds.; Andre G. Wolff: Cambridge, MA, USA, 1967; Volume 6, pp. 951–952. [Google Scholar]

	



CDC. Food Safety-Foodborne Germs and Illnesses. Available online: https://www.cdc.gov/foodsafety/foodborne-germs.html. (accessed on 30 June 2022).

	



Bintsis, T. Foodborne pathogens. AIMS Microbiol. 2017, 3, 529–563. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, L.; Hansen, M.F.; Roeder, H.L.; Wang, N.; Burmølle, M.; He, G. Mixed-species biofilms in the food industry: Current knowledge and novel control strategies. Crit. Rev. Food Sci. Nutr. 2019, 60, 2277–2293. [Google Scholar] [CrossRef] [PubMed]

	



Galiè, S.; García-Gutiérrez, C.; Miguélez, E.M.; Villar, C.J.; Lombó, F. Biofilms in the Food Industry: Health Aspects and Control Methods. Front. Microbiol. 2018, 9, 898. [Google Scholar] [CrossRef]

	



Coughlan, L.M.; Cotter, P.D.; Hill, C.; Alvarez-Ordóñez, A. New Weapons to Fight Old Enemies: Novel Strategies for the (Bio)control of Bacterial Biofilms in the Food Industry. Front. Microbiol. 2016, 7, 1641. [Google Scholar] [CrossRef] [PubMed]

	



FAO. Food Loss and Food Waste. Available online: http://www.fao.org/food-loss-and-food-waste/flw-data (accessed on 30 June 2022).

	



Raak, N.; Symmank, C.; Zahn, S.; Aschemann-Witzel, J.; Rohm, H. Processing- and product-related causes for food waste and implications for the food supply chain. Waste Manag. 2017, 61, 461–472. [Google Scholar] [CrossRef]

	



Nations United. World Population Prospects 2022 Summary of Results; Nations United: New York, NY, USA, 2022; p. 46. [Google Scholar]

	



Alamar, M.D.C.; Falagan, N.; Aktas, E.; A Terry, L. Minimising food waste: A call for multidisciplinary research. J. Sci. Food Agric. 2017, 98, 8–11. [Google Scholar] [CrossRef]

	



Kibler, K.M.; Reinhart, D.; Hawkins, C.; Motlagh, A.M.; Wright, J. Food waste and the food-energy-water nexus: A review of food waste management alternatives. Waste Manag. 2018, 74, 52–62. [Google Scholar] [CrossRef]

	



Müller, P.; Schmid, M. Intelligent Packaging in the Food Sector: A Brief Overview. Foods 2019, 8, 16. [Google Scholar] [CrossRef]

	



Youssef, A.M.; Assem, F.M.; Abdel-Aziz, M.E.; Elaaser, M.; Ibrahim, O.A.; Mahmoud, M.; Abd El-Salam, M.H. Development of bionanocomposite materials and its use in coating of Ras cheese. Food Chem. 2019, 270, 467–475. [Google Scholar] [CrossRef]

	



Al-Tayyar, N.A.; Youssef, A.M.; Al-Hindi, R. Antimicrobial food packaging based on sustainable Bio-based materials for reducing foodborne Pathogens: A review. Food Chem. 2020, 310, 125915. [Google Scholar] [CrossRef]

	



PlasticEurope-Association of Plastics Manufactures. Plastics-the Facts 2021. Available online: https://plasticseurope.org/knowledge-hub/plastics-the-facts-2021/ (accessed on 22 September 2022).

	



Lam, C.-S.; Ramanathan, S.; Carbery, M.; Gray, K.; Vanka, K.S.; Maurin, C.; Bush, R.; Palanisami, T. A Comprehensive Analysis of Plastics and Microplastic Legislation Worldwide. Water Air Soil Pollut. 2018, 229, 345. [Google Scholar] [CrossRef]

	



Katiyar, V. Bio-Based Plastics for Food Packaging Applications; Smithers Pira: Shropshire, UK, 2017; p. 276. [Google Scholar]

	



Motelica, L.; Ficai, D.; Ficai, A.; Oprea, O.C.; Kaya, D.A.; Andronescu, E. Biodegradable Antimicrobial Food Packaging: Trends and Perspectives. Foods 2020, 9, 1438. [Google Scholar] [CrossRef] [PubMed]

	



Jariyasakoolroj, P.; Leelaphiwat, P.; Harnkarnsujarit, N. Advances in research and development of bioplastic for food packaging. J. Sci. Food Agric. 2018, 100, 5032–5045. [Google Scholar] [CrossRef] [PubMed]

	



Ncube, L.K.; Ude, A.U.; Ogunmuyiwa, E.N.; Zulkifli, R.; Beas, I.N. Environmental Impact of Food Packaging Materials: A Review of Contemporary Development from Conventional Plastics to Polylactic Acid Based Materials. Materials 2020, 13, 4994. [Google Scholar] [CrossRef]

	



Bioplastics. Guide-Knowledge Zone. Available online: http://www.bioplastics.guide/ref (accessed on 1 July 2022).

	



Vianna, T.C.; Marinho, C.O.; Júnior, L.M.; Ibrahim, S.A.; Vieira, R.P. Essential oils as additives in active starch-based food packaging films: A review. Int. J. Biol. Macromol. 2021, 182, 1803–1819. [Google Scholar] [CrossRef]

	



Wang, H.; Qian, J.; Ding, F. Emerging Chitosan-Based Films for Food Packaging Applications. J. Agric. Food Chem. 2018, 66, 395–413. [Google Scholar] [CrossRef]

	



Zhang, X.; Wei, Y.; Chen, M.; Xiao, N.; Zhang, J.; Liu, C. Development of functional chitosan-based composite films incorporated with hemicelluloses: Effect on physicochemical properties. Carbohydr. Polym. 2020, 246, 116489. [Google Scholar] [CrossRef]

	



Sedayu, B.B.; Cran, M.J.; Bigger, S.W. A Review of Property Enhancement Techniques for Carrageenan-based Films and Coatings. Carbohydr. Polym. 2019, 216, 287–302. [Google Scholar] [CrossRef]

	



Singh, P.; Magalhães, S.; Alves, L.; Antunes, F.; Miguel, M.; Lindman, B.; Medronho, B. Cellulose-based edible films for probiotic entrapment. Food Hydrocoll. 2018, 88, 68–74. [Google Scholar] [CrossRef]

	



He, X.; Lu, W.; Sun, C.; Khalesi, H.; Mata, A.; Andaleeb, R.; Fang, Y. Cellulose and cellulose derivatives: Different colloidal states and food-related applications. Carbohydr. Polym. 2020, 255, 117334. [Google Scholar] [CrossRef]

	



Liu, Y.; Ahmed, S.; Sameen, D.E.; Wang, Y.; Lu, R.; Dai, J.; Li, S.; Qin, W. A review of cellulose and its derivatives in biopolymer-based for food packaging application. Trends Food Sci. Technol. 2021, 112, 532–546. [Google Scholar] [CrossRef]

	



David, G.; Gontard, N.; Angellier-Coussy, H. Mitigating the Impact of Cellulose Particles on the Performance of Biopolyester-Based Composites by Gas-Phase Esterification. Polymers 2019, 11, 200. [Google Scholar] [CrossRef] [PubMed]

	



Dai, L.; Cheng, T.; Duan, C.; Zhao, W.; Zhang, W.; Zou, X.; Aspler, J.; Ni, Y. 3D printing using plant-derived cellulose and its derivatives: A review. Carbohydr. Polym. 2018, 203, 71–86. [Google Scholar] [CrossRef] [PubMed]

	



Harini, K.; Mohan, C.C. Isolation and characterization of micro and nanocrystalline cellulose fibers from the walnut shell, corncob and sugarcane bagasse. Int. J. Biol. Macromol. 2020, 163, 1375–1383. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, S.; Gao, R.; Gao, L.; Li, J. Poly(vinyl alcohol) films reinforced with nanofibrillated cellulose (NFC) isolated from corn husk by high intensity ultrasonication. Carbohydr. Polym. 2016, 136, 1027–1034. [Google Scholar] [CrossRef]

	



Saiful; Hasima, S.; Kamila, N.; Rahmi. Cellulose acetate from palm oil bunch waste for forward osmosis membrane in desalination of brackish water. Results Eng. 2022, 15, 100611. [Google Scholar] [CrossRef]

	



Nsor-Atindana, J.; Chen, M.; Goff, H.D.; Zhong, F.; Sharif, H.R.; Li, Y. Functionality and nutritional aspects of microcrystalline cellulose in food. Carbohydr. Polym. 2017, 172, 159–174. [Google Scholar] [CrossRef]

	



Mu, R.; Hong, X.; Ni, Y.; Li, Y.; Pang, J.; Wang, Q.; Xiao, J.; Zheng, Y. Recent trends and applications of cellulose nanocrystals in food industry. Trends Food Sci. Technol. 2019, 93, 136–144. [Google Scholar] [CrossRef]

	



Fischer, S.; Thümmler, K.; Volkert, B.; Hettrich, K.; Schmidt, I.; Fischer, K. Properties and Applications of Cellulose Acetate. Macromol. Symp. 2008, 262, 89–96. [Google Scholar] [CrossRef]

	



Khoshnevisan, K.; Maleki, H.; Samadian, H.; Shahsavari, S.; Sarrafzadeh, M.H.; Larijani, B.; Dorkoosh, F.A.; Haghpanah, V.; Khorramizadeh, M.R. Cellulose acetate electrospun nanofibers for drug delivery systems: Applications and recent advances. Carbohydr. Polym. 2018, 198, 131–141. [Google Scholar] [CrossRef]

	



Warsinger, D.M.; Chakraborty, S.; Tow, E.W.; Plumlee, M.H.; Bellona, C.; Loutatidou, S.; Karimi, L.; Mikelonis, A.M.; Achilli, A.; Ghassemi, A.; et al. A review of polymeric membranes and processes for potable water reuse. Prog. Polym. Sci. 2018, 81, 209–237. [Google Scholar] [CrossRef] [PubMed]

	



Akbarzadeh, E.; Shockravi, A.; Vatanpour, V. High performance compatible thiazole-based polymeric blend cellulose acetate membrane as selective CO2 absorbent and molecular sieve. Carbohydr. Polym. 2020, 252, 117215. [Google Scholar] [CrossRef] [PubMed]

	



Nimir, W.; Al-Othman, A.; Tawalbeh, M.; Al Makky, A.; Ali, A.; Karimi-Maleh, H.; Karimi, F.; Karaman, C. Approaches towards the development of heteropolyacid-based high temperature membranes for PEM fuel cells. Int. J. Hydrogen Energy 2021, in press. [Google Scholar] [CrossRef]

	



Jain, H.; Garg, M.C. Fabrication of polymeric nanocomposite forward osmosis membranes for water desalination—A review. Environ. Technol. Innov. 2021, 23, 101561. [Google Scholar] [CrossRef]

	



Kalaycıoğlu, Z.; Kahya, N.; Adımcılar, V.; Kaygusuz, H.; Torlak, E.; Akın-Evingür, G.; Erim, F.B. Antibacterial nano cerium oxide/chitosan/cellulose acetate composite films as potential wound dressing. Eur. Polym. J. 2020, 133, 109777. [Google Scholar] [CrossRef]

	



David, M.E.; Ion, R.M.; Grigorescu, R.M.; Iancu, L.; Holban, A.M.; Iordache, F.; Nicoara, A.I.; Alexandrescu, E.; Somoghi, R.; Teodorescu, S.; et al. Biocompatible and Antimicrobial Cellulose Acetate-Collagen Films Containing MWCNTs Decorated with TiO2 Nanoparticles for Potential Biomedical Applications. Nanomaterials 2022, 12, 239. [Google Scholar] [CrossRef]

	



Pereira, N.R.L.; Lopes, B.; Fagundes, I.V.; de Moraes, F.M.; Morisso, F.D.P.; Parma, G.O.C.; Zepon, K.M.; Magnago, R.F. Bio-packaging based on cellulose acetate from banana pseudostem and containing Butia catarinensis extracts. Int. J. Biol. Macromol. 2021, 194, 32–41. [Google Scholar] [CrossRef]

	



Said Mahmoud, A.; Peters, R.W. Application of Entrapped Nano Zero Valent Iron into Cellulose Acetate Membranes for Domestic Wastewater Treatment. In Proceedings of the Annual AIChE Meeting, Minneapolis, MN, USA, 29 October–3 November 2017. [Google Scholar]

	



Agarwal, A.; Jeengar, A. Performance Characteristics of Electrospun Cellulose Acetate Nanofiber Mat Embedded with Nano-Zno/Vitamins. IJNA 2016, 6, 1–12. [Google Scholar]

	



Liang, L.; Chen, H. Development and characterization of biodegradable ultraviolet protective and antibacterial polylactic acid-cellulose acetate film modified by phenyl salicylate. Int. J. Biol. Macromol. 2022, 211, 85–93. [Google Scholar] [CrossRef]

	



Celuppi, L.C.M.; Capelezzo, A.P.; Cima, L.B.; Zeferino, R.C.F.; Zanetti, M.; Riella, H.G.; Fiori, M.A. Antimicrobial cellulose acetate films by incorporation of geranyl acetate for active food packaging application. Res. Soc. Dev. 2022, 11, e40111125141. [Google Scholar] [CrossRef]

	



Laroque, D.A.; de Aragão, G.M.F.; de Araújo, P.H.H.; Carciofi, B.A.M. Active cellulose acetate-carvacrol films: Antibacterial, physical and thermal properties. Packag. Technol. Sci. 2021, 34, 463–474. [Google Scholar] [CrossRef]

	



Zhang, Q.; Lin, D.; Yao, S. Review on biomedical and bioengineering applications of cellulose sulfate. Carbohydr. Polym. 2015, 132, 311–322. [Google Scholar] [CrossRef] [PubMed]

	



Seddiqi, H.; Oliaei, E.; Honarkar, H.; Jin, J.; Geonzon, L.C.; Bacabac, R.G.; Klein-Nulend, J. Cellulose and its derivatives: Towards biomedical applications. Cellulose 2021, 28, 1893–1931. [Google Scholar] [CrossRef]

	



Scott, Y.; Dezzutti, C.S. Non-Antiretroviral Microbicides for HIV Prevention. Aids Rev. 2016, 18, 145–150. [Google Scholar] [PubMed]

	



Song, S.; Liu, X.; Ding, L.; Abubaker, M.A.; Zhang, J.; Huang, Y.; Yang, S.; Fan, Z. Conformational and rheological properties of bacterial cellulose sulfate. Int. J. Biol. Macromol. 2021, 183, 2326–2336. [Google Scholar] [CrossRef] [PubMed]

	



Su, T.; Wu, Q.-X.; Chen, Y.; Zhao, J.; Cheng, X.-D.; Chen, J. Fabrication of the polyphosphates patched cellulose sulfate-chitosan hydrochloride microcapsules and as vehicles for sustained drug release. Int. J. Pharm. 2018, 555, 291–302. [Google Scholar] [CrossRef]

	



Chen, G.; Zhang, B.; Zhao, J.; Chen, H. Development and characterization of food packaging film from cellulose sulfate. Food Hydrocoll. 2013, 35, 476–483. [Google Scholar] [CrossRef]

	



Chen, G.; Liu, B. Cellulose sulfate based film with slow-release antimicrobial properties prepared by incorporation of mustard essential oil and β-cyclodextrin. Food Hydrocoll. 2016, 55, 100–107. [Google Scholar] [CrossRef]

	



Neves, A.; Angelin, E.M.; Roldão, É.; Melo, M.J. New insights into the degradation mechanism of cellulose nitrate in cinematographic films by Raman microscopy. J. Raman Spectrosc. 2018, 50, 202–212. [Google Scholar] [CrossRef]

	



Berthumeyrie, S.; Collin, S.; Bussiere, P.-O.; Therias, S. Photooxidation of cellulose nitrate: New insights into degradation mechanisms. J. Hazard. Mater. 2014, 272, 137–147. [Google Scholar] [CrossRef]

	



Kim, B.B.; Im, W.J.; Byun, J.Y.; Kim, H.M.; Kim, M.-G.; Shin, Y.-B. Label-free CRP detection using optical biosensor with one-step immobilization of antibody on nitrocellulose membrane. Sens. Actuators B Chem. 2014, 190, 243–248. [Google Scholar] [CrossRef]

	



Fernández, J.G.; Almeida, C.A.; Fernández-Baldo, M.A.; Felici, E.; Raba, J.; Sanz, M.I. Development of nitrocellulose membrane filters impregnated with different biosynthesized silver nanoparticles applied to water purification. Talanta 2016, 146, 237–243. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Jiang, J.; Xu, F.; Gong, S. Crepe cellulose paper and nitrocellulose membrane-based triboelectric nanogenerators for energy harvesting and self-powered human-machine interaction. Nano Energy 2019, 61, 69–77. [Google Scholar] [CrossRef]

	



Tian, Y.; Guo, K.; Bian, X.; Wang, T.; Chen, S.; Sun, J. Durable and room-temperature curable superhydrophobic composite coating on nitrocellulose lacquer. Surf. Coat. Technol. 2017, 328, 444–450. [Google Scholar] [CrossRef]

	



Licciardello, F.; Wittenauer, J.; Saengerlaub, S.; Reinelt, M.; Stramm, C. Rapid assessment of the effectiveness of antioxidant active packaging—Study with grape pomace and olive leaf extracts. Food Packag. Shelf Life 2015, 6, 1–6. [Google Scholar] [CrossRef]

	



HSE-Health and Safety Executive. The Dangers of Cellulose Nitrate Film. 2013. Available online: https://www.hse.gov.uk/pubns/indg469.htm (accessed on 14 September 2022).

	



Yang, D.; Peng, X.; Zhong, L.; Cao, X.; Chen, W.; Zhang, X.; Liu, S.; Sun, R. “Green” films from renewable resources: Properties of epoxidized soybean oil plasticized ethyl cellulose films. Carbohydr. Polym. 2014, 103, 198–206. [Google Scholar] [CrossRef]

	



Gilbert, M. Cellulose Plastics. In Brydson’s Plastics Materials, 8th ed.; Butterworth-Heinemann: Oxford, UK, 2017; pp. 617–630. [Google Scholar]

	



Yang, Y.; Wang, H.; Li, H.; Ou, Z.; Yang, G. 3D printed tablets with internal scaffold structure using ethyl cellulose to achieve sustained ibuprofen release. Eur. J. Pharm. Sci. 2018, 115, 11–18. [Google Scholar] [CrossRef]

	



Li, H.; Zhang, Z.; Godakanda, V.U.; Chiu, Y.-J.; Angkawinitwong, U.; Patel, K.; Stapleton, P.G.; de Silva, R.M.; de Silva, K.N.; Zhu, L.-M.; et al. The effect of collection substrate on electrospun ciprofloxacin-loaded poly(vinylpyrrolidone) and ethyl cellulose nanofibers as potential wound dressing materials. Mater. Sci. Eng. C 2019, 104, 109917. [Google Scholar] [CrossRef]

	



Hokmabad, V.R.; Davaran, S.; Aghazadeh, M.; Rahbarghazi, R.; Salehi, R.; Ramazani, A. Fabrication and characterization of novel ethyl cellulose-grafted-poly (ɛ-caprolactone)/alginate nanofibrous/macroporous scaffolds incorporated with nano-hydroxyapatite for bone tissue engineering. J. Biomater. Appl. 2019, 33, 1128–1144. [Google Scholar] [CrossRef]

	



Li, X.; Jiang, F.; Ni, X.; Yan, W.; Fang, Y.; Corke, H.; Xiao, M. Preparation and characterization of konjac glucomannan and ethyl cellulose blend films. Food Hydrocoll. 2015, 44, 229–236. [Google Scholar] [CrossRef]

	



Su, X.; Yang, Z.; Tan, K.B.; Chen, J.; Huang, J.; Li, Q. Preparation and characterization of ethyl cellulose film modified with capsaicin. Carbohydr. Polym. 2020, 241, 116259. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Shi, Y.; Cao, X.; Liu, Q.; Wang, H.; Kong, B. Preparation and functional properties of poly(vinyl alcohol)/ethyl cellulose/tea polyphenol electrospun nanofibrous films for active packaging material. Food Control 2021, 130, 108331. [Google Scholar] [CrossRef]

	



US Food and Drug Administration GRAS Substances (SCOGS) Database. Available online: https://www.fda.gov/food/generally-recognized-safe-gras/gras-substances-scogs-database (accessed on 2 September 2022).

	



Arca, H.C.; Mosquera-Giraldo, L.I.; Bi, V.; Xu, D.; Taylor, L.S.; Edgar, K.J. Pharmaceutical Applications of Cellulose Ethers and Cellulose Ether Esters. Biomacromolecules 2018, 19, 2351–2376. [Google Scholar] [CrossRef] [PubMed]

	



Oprea, M.; Voicu, S.I. Recent advances in composites based on cellulose derivatives for biomedical applications. Carbohydr. Polym. 2020, 247, 116683. [Google Scholar] [CrossRef]

	



Sahoo, G.P.; Bhui, D.K.; Bar, H.; Sarkar, P.; Samanta, S.; Pyne, S.; Misra, A. Synthesis and characterization of gold nanoparticles adsorbed in methyl cellulose micro fibrils. J. Mol. Liq. 2010, 155, 91–95. [Google Scholar] [CrossRef]

	



Ho, M.T.; Teal, C.J.; Shoichet, M.S. A hyaluronan/methylcellulose-based hydrogel for local cell and biomolecule delivery to the central nervous system. Brain Res. Bull. 2019, 148, 46–54. [Google Scholar] [CrossRef]

	



CDC|NIOSH. Glutaraldehyde. Available online: https://www.cdc.gov/niosh/topics/glutaraldehyde/default.html (accessed on 23 September 2022).

	



de Dicastillo, C.L.; Bustos, F.; Guarda, A.; Galotto, M.J. Cross-linked methyl cellulose films with murta fruit extract for antioxidant and antimicrobial active food packaging. Food Hydrocoll. 2016, 60, 335–344. [Google Scholar] [CrossRef]

	



de Dicastillo, C.L.; Rodríguez, F.; Guarda, A.; Galotto, M.J. Antioxidant films based on cross-linked methyl cellulose and native Chilean berry for food packaging applications. Carbohydr. Polym. 2016, 136, 1052–1060. [Google Scholar] [CrossRef]

	



Patil, V.A.; Baswal, A.K.; Parab, A.; Patil, V.; Jakhar, V. Effect of hydroxypropyl methylcellulose and methylcellulose-based edible coatings on storage life and quality of horticultural crops: Review. Pharma Innov. J. 2022, 11, 2746–2752. [Google Scholar]

	



Ghadermazi, R.; Hamdipour, S.; Sadeghi, K.; Ghadermazi, R.; Asl, A.K. Effect of various additives on the properties of the films and coatings derived from hydroxypropyl methylcellulose—A review. Food Sci. Nutr. 2019, 7, 3363–3377. [Google Scholar] [CrossRef]

	



Tundisi, L.; Mostaço, G.; Carricondo, P.; Petri, D. Hydroxypropyl methylcellulose: Physicochemical properties and ocular drug delivery formulations. Eur. J. Pharm. Sci. 2021, 159, 105736. [Google Scholar] [CrossRef] [PubMed]

	



da Silva, M.N.; Fonseca, J.D.M.; Feldhaus, H.K.; Soares, L.S.; Valencia, G.A.; de Campos, C.E.M.; Di Luccio, M.; Monteiro, A.R. Physical and morphological properties of hydroxypropyl methylcellulose films with curcumin polymorphs. Food Hydrocoll. 2019, 97, 105217. [Google Scholar] [CrossRef]

	



Lee, J.Y.; Garcia, C.V.; Shin, G.H.; Kim, J.T. Antibacterial and antioxidant properties of hydroxypropyl methylcellulose-based active composite films incorporating oregano essential oil nanoemulsions. LWT 2019, 106, 164–171. [Google Scholar] [CrossRef]

	



Vieira, A.C.F.; Fonseca, J.D.M.; Menezes, N.M.C.; Monteiro, A.R.; Valencia, G.A. Active coatings based on hydroxypropyl methylcellulose and silver nanoparticles to extend the papaya (Carica papaya L.) shelf life. Int. J. Biol. Macromol. 2020, 164, 489–498. [Google Scholar] [CrossRef] [PubMed]

	



Song, J.; Feng, H.; Wu, M.; Chen, L.; Xia, W.; Zhang, W. Preparation and characterization of arginine-modified chitosan/hydroxypropyl methylcellose antibacterial film. Int. J. Biol. Macromol. 2019, 145, 750–758. [Google Scholar] [CrossRef]

	



Mohan, T.; Štiglic, A.D.; Beaumont, M.; Konnerth, J.; Gürer, F.; Makuc, D.; Maver, U.; Gradišnik, L.; Plavec, J.; Kargl, R.; et al. Generic Method for Designing Self-Standing and Dual Porous 3D Bioscaffolds from Cellulosic Nanomaterials for Tissue Engineering Applications. ACS Appl. Bio Mater. 2020, 3, 1197–1209. [Google Scholar] [CrossRef]

	



Verma, N.; Pramanik, K.; Singh, A.K.; Biswas, A. Design of magnesium oxide nanoparticle incorporated carboxy methyl cellu-lose/poly vinyl alcohol composite film with novel composition for skin tissue engineering. Mater. Technol. 2021, 37, 706–716. [Google Scholar] [CrossRef]

	



Sharmila, G.; Muthukumaran, C.; Kirthika, S.; Keerthana, S.; Kumar, N.M.; Jeyanthi, J. Fabrication and characterization of Spinacia oleracea extract incorporated alginate/carboxymethyl cellulose microporous scaffold for bone tissue engineering. Int. J. Biol. Macromol. 2020, 156, 430–437. [Google Scholar] [CrossRef]

	



Matinfar, M.; Mesgar, A.S.; Mohammadi, Z. Evaluation of physicochemical, mechanical and biological properties of chitosan/carboxymethyl cellulose reinforced with multiphasic calcium phosphate whisker-like fibers for bone tissue engineering. Mater. Sci. Eng. C 2019, 100, 341–353. [Google Scholar] [CrossRef]

	



Sadeghi, S.; Nourmohammadi, J.; Ghaee, A.; Soleimani, N. Carboxymethyl cellulose-human hair keratin hydrogel with controlled clindamycin release as antibacterial wound dressing. Int. J. Biol. Macromol. 2019, 147, 1239–1247. [Google Scholar] [CrossRef]

	



Saladino, M.L.; Markowska, M.; Carmone, C.; Cancemi, P.; Alduina, R.; Presentato, A.; Scaffaro, R.; Biały, D.; Hasiak, M.; Hreniak, D.; et al. Graphene Oxide Carboxymethylcellulose Nanocomposite for Dressing Materials. Materials 2020, 13, 1980. [Google Scholar] [CrossRef] [PubMed]

	



Maver, U.; Xhanari, K.; Žižek, M.; Gradišnik, L.; Repnik, K.; Potočnik, U.; Finšgar, M. Carboxymethyl cellulose/diclofenac bioactive coatings on AISI 316LVM for controlled drug delivery, and improved osteogenic potential. Carbohydr. Polym. 2019, 230, 115612. [Google Scholar] [CrossRef] [PubMed]

	



Koneru, A.; Dharmalingam, K.; Anandalakshmi, R. Cellulose based nanocomposite hydrogel films consisting of sodium carboxymethylcellulose–grapefruit seed extract nanoparticles for potential wound healing applications. Int. J. Biol. Macromol. 2020, 148, 833–842. [Google Scholar] [CrossRef] [PubMed]

	



Atta, O.M.; Manan, S.; Ul-Islam, M.; Ahmed, A.A.Q.; Ullah, M.W.; Yang, G. Development and characterization of plant oil-incorporated carboxymethyl cellulose/bacterial cellulose/glycerol-based antimicrobial edible films for food packaging applications. Adv. Compos. Hybrid Mater. 2022, 5, 973–990. [Google Scholar] [CrossRef]

	



Riahi, Z.; Rhim, J.-W.; Bagheri, R.; Pircheraghi, G.; Lotfali, E. Carboxymethyl cellulose-based functional film integrated with chitosan-based carbon quantum dots for active food packaging applications. Prog. Org. Coat. 2022, 166, 106794. [Google Scholar] [CrossRef]

	



You, P.; Wang, L.; Zhou, N.; Yang, Y.; Pang, J. A pH-intelligent response fish packaging film: Konjac glucomannan/carboxymethyl cellulose/blackcurrant anthocyanin antibacterial composite film. Int. J. Biol. Macromol. 2022, 204, 386–396. [Google Scholar] [CrossRef]

	



Noreen, A.; Zia, K.M.; Tabasum, S.; Khalid, S.; Shareef, R. A review on grafting of hydroxyethylcellulose for versatile applications. Int. J. Biol. Macromol. 2020, 150, 289–303. [Google Scholar] [CrossRef]

	



Abdel-Halim, E. Chemical modification of cellulose extracted from sugarcane bagasse: Preparation of hydroxyethyl cellulose. Arab. J. Chem. 2014, 7, 362–371. [Google Scholar] [CrossRef]

	



Zhou, X.; Hao, Y.; Zhang, X.; He, X.; Zhang, C. Cellulose-based polymers. Phys. Sci. Rev. 2021, 000010151520200067. [Google Scholar] [CrossRef]

	



Ayouch, I.; Kassem, I.; Kassab, Z.; Barrak, I.; Barhoun, A.; Jacquemin, J.; Draoui, K.; El Achaby, M. Crosslinked carboxymethyl cellulose-hydroxyethyl cellulose hydrogel films for adsorption of cadmium and methylene blue from aqueous solutions. Surfaces Interfaces 2021, 24, 101124. [Google Scholar] [CrossRef]

	



El Fawal, G.F.; Abu-Serie, M.M.; Hassan, M.A.; Elnouby, M.S. Hydroxyethyl cellulose hydrogel for wound dressing: Fabrication, characterization and in vitro evaluation. Int. J. Biol. Macromol. 2018, 111, 649–659. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.; Jin, T.; Liu, W.; Hao, W.; Yan, L.; Zheng, L. Effects of hydroxyethyl cellulose and sodium alginate edible coating containing asparagus waste extract on postharvest quality of strawberry fruit. LWT 2021, 148, 111770. [Google Scholar] [CrossRef]

	



El Fawal, G.; Hong, H.; Song, X.; Wu, J.; Sun, M.; He, C.; Mo, X.; Jiang, Y.; Wang, H. Fabrication of antimicrobial films based on hydroxyethylcellulose and ZnO for food packaging application. Food Packag. Shelf Life 2020, 23, 100462. [Google Scholar] [CrossRef]

	



Rukmanikrishnan, B.; Ramalingam, S.; Kim, S.S.; Lee, J. Rheological and anti-microbial study of silica and silver nanoparticles-reinforced k-carrageenan/hydroxyethyl cellulose composites for food packaging applications. Cellulose 2021, 28, 5577–5590. [Google Scholar] [CrossRef]

	



El-Newehy, M.H.; E El-Naggar, M.; Alotaiby, S.; El-Hamshary, H.; Moydeen, M.; Al-Deyab, S. Green Electrospining of Hydroxypropyl Cellulose Nanofibres for Drug Delivery Applications. J. Nanosci. Nanotechnol. 2018, 18, 805–814. [Google Scholar] [CrossRef]

	



Tanaka, A.; Furubayashi, T.; Tomisaki, M.; Kawakami, M.; Kimura, S.; Inoue, D.; Kusamori, K.; Katsumi, H.; Sakane, T.; Yamamoto, A. Nasal drug absorption from powder formulations: The effect of three types of hydroxypropyl cellulose (HPC). Eur. J. Pharm. Sci. 2017, 96, 284–289. [Google Scholar] [CrossRef]

	



Takeuchi, Y.; Umemura, K.; Tahara, K.; Takeuchi, H. Formulation design of hydroxypropyl cellulose films for use as orally disintegrating dosage forms. J. Drug Deliv. Sci. Technol. 2018, 46, 93–100. [Google Scholar] [CrossRef]

	



Barty-King, C.H.; Chan, C.L.C.; Parker, R.M.; Bay, M.M.; Vadrucci, R.; De Volder, M.; Vignolini, S. Mechanochromic, Structurally Colored, and Edible Hydrogels Prepared from Hydroxypropyl Cellulose and Gelatin. Adv. Mater. 2021, 33, e2102112. [Google Scholar] [CrossRef]

	



El-Wakil, N.A.; Kassem, N.F.; Hassan, M.L. Hydroxypropyl cellulose/rice straw oxidized cellulose nanocrystals nanocomposites and their use in paper coating. Ind. Crop. Prod. 2016, 93, 186–192. [Google Scholar] [CrossRef]

	



Cazón, P.; Velazquez, G.; Ramírez, J.A.; Vázquez, M. Polysaccharide-based films and coatings for food packaging: A review. Food Hydrocoll. 2017, 68, 136–148. [Google Scholar] [CrossRef]

	



Ebrahimi, Y.; Peighambardoust, S.J.; Karkaj, S.Z. Development of Antibacterial Carboxymethyl Cellulose-Based Nanobiocomposite Films Containing Various Metallic Nanoparticles for Food Packaging Applications. J. Food Sci. 2019, 84, 2537–2548. [Google Scholar] [CrossRef] [PubMed]

	



Ludwicka, K.; Kaczmarek, M.; Białkowska, A. Bacterial Nanocellulose—A Biobased Polymer for Active and Intelligent Food Packaging Applications: Recent Advances and Developments. Polymers 2020, 12, 2209. [Google Scholar] [CrossRef] [PubMed]

	



Yildirim, S. Active packaging for food biopreservation. In Protective Cultures, Antimicrobial Metabolites and Bacteriophages for Food and Beverage Biopreservation, 1st ed.; Woodhead Publishing: Sawston, UK, 2011; pp. 460–489. [Google Scholar]

	



Huang, T.; Qian, Y.; Wei, J.; Zhou, C. Polymeric Antimicrobial Food Packaging and Its Applications. Polymers 2019, 11, 560. [Google Scholar] [CrossRef] [PubMed]

	



Carpena, M.; Nuñez-Estevez, B.; Soria-Lopez, A.; Garcia-Oliveira, P.; Prieto, M.A. Essential Oils and Their Application on Active Packaging Systems: A Review. Resources 2021, 10, 7. [Google Scholar] [CrossRef]

	



Arruda, T.R.; Bernardes, P.C.; e Moraes, A.R.F.; Soares, N.D.F.F. Natural bioactives in perspective: The future of active packaging based on essential oils and plant extracts themselves and those complexed by cyclodextrins. Food Res. Int. 2022, 156, 111160. [Google Scholar] [CrossRef]

	



Da Silva Dannenberg, G.; Funck, G.D.; dos Santos Cruxen, C.; Marques, J.D.L.; da Silva, W.P.; Fiorentini, M. Essential oil from pink pepper as an antimicrobial component in cellulose acetate film: Potential for application as active packaging for sliced cheese. LWT Food Sci. Technol. 2017, 81, 314–318. [Google Scholar] [CrossRef]

	



El Fawal, G.F.; Omer, A.M.; Tamer, T.M. Evaluation of antimicrobial and antioxidant activities for cellulose acetate films incorporated with Rosemary and Aloe Vera essential oils. J. Food Sci. Technol. 2019, 56, 1510–1518. [Google Scholar] [CrossRef]

	



Han, Y.; Yu, M.; Wang, L. Physical and antimicrobial properties of sodium alginate/carboxymethyl cellulose films incorporated with cinnamon essential oil. Food Packag. Shelf Life 2018, 15, 35–42. [Google Scholar] [CrossRef]

	



Noshirvani, N.; Ghanbarzadeh, B.; Gardrat, C.; Rezaei, M.R.; Hashemi, M.; Le Coz, C.; Coma, V. Cinnamon and ginger essential oils to improve antifungal, physical and mechanical properties of chitosan-carboxymethyl cellulose films. Food Hydrocoll. 2017, 70, 36–45. [Google Scholar] [CrossRef]

	



Muppalla, S.R.; Kanatt, S.R.; Chawla, S.; Sharma, A. Carboxymethyl cellulose–polyvinyl alcohol films with clove oil for active packaging of ground chicken meat. Food Packag. Shelf Life 2014, 2, 51–58. [Google Scholar] [CrossRef]

	



Priyadarshi, R.; Kim, S.-M.; Rhim, J.-W. Carboxymethyl cellulose-based multifunctional film combined with zinc oxide nanoparticles and grape seed extract for the preservation of high-fat meat products. Sustain. Mater. Technol. 2021, 29, e00325. [Google Scholar] [CrossRef]

	



Choi, W.S.; Singh, S.; Lee, Y.S. Characterization of edible film containing essential oils in hydroxypropyl methylcellulose and its effect on quality attributes of ‘Formosa’ plum (Prunus salicina L.). LWT-Food Sci. Technol. 2016, 70, 213–222. [Google Scholar] [CrossRef]

	



Barros-Velázquez, J. Antimicrobial Food Packaging, 1st ed; Academic Press: London, UK, 2016. [Google Scholar]

	



Hassan, E.A.; Fadel, S.M.; Hassan, M.L. Influence of TEMPO-oxidized NFC on the mechanical, barrier properties and nisin release of hydroxypropyl methylcellulose bioactive films. Int. J. Biol. Macromol. 2018, 113, 616–622. [Google Scholar] [CrossRef]

	



Freitas, P.A.V.; Silva, R.R.A.; De Oliveira, T.V.; Soares, R.R.A.; Soares, N.F.F. Biodegradable film development by nisin Z addition into hydroxypropylmethylcellulose matrix for mozzarella cheese preservation. Int. J. Food Stud. 2020, 9, 360–372. [Google Scholar] [CrossRef]

	



Lan, W.; Zhang, R.; Ji, T.; Sameen, D.E.; Ahmed, S.; Qin, W.; Dai, J.; He, L.; Liu, Y. Improving nisin production by encapsulated Lactococcus lactis with starch/carboxymethyl cellulose edible films. Carbohydr. Polym. 2020, 251, 117062. [Google Scholar] [CrossRef]

	



Sheng, L.; Su, P.; Han, K.; Chen, J.; Cao, A.; Zhang, Z.; Jin, Y.; Ma, M. Synthesis and structural characterization of lysozyme–pullulan conjugates obtained by the Maillard reaction. Food Hydrocoll. 2017, 71, 1–7. [Google Scholar] [CrossRef]

	



Hu, X.; Liu, Y.; Zhu, D.; Jin, Y.; Jin, H.; Sheng, L. Preparation and characterization of edible carboxymethyl cellulose films containing natural antibacterial agents: Lysozyme. Food Chem. 2022, 385, 132708. [Google Scholar] [CrossRef]

	



Dekina, S.; Romanovska, I.; Ovsepyan, A.; Tkach, V.; Muratov, E. Gelatin/carboxymethyl cellulose mucoadhesive films with lysozyme: Development and characterization. Carbohydr. Polym. 2016, 147, 208–215. [Google Scholar] [CrossRef]

	



Marrez, D.A.; Abdelhamid, A.E.; Darwesh, O.M. Eco-friendly cellulose acetate green synthesized silver nano-composite as antibacterial packaging system for food safety. Food Packag. Shelf Life 2019, 20, 100302. [Google Scholar] [CrossRef]

	



Dairi, N.; Ferfera-Harrar, H.; Ramos, M.; Garrigós, M.C. Cellulose acetate/AgNPs-organoclay and/or thymol nano-biocomposite films with combined antimicrobial/antioxidant properties for active food packaging use. Int. J. Biol. Macromol. 2018, 121, 508–523. [Google Scholar] [CrossRef]

	



Salama, H.E.; Aziz, M.S.A. Optimized carboxymethyl cellulose and guanidinylated chitosan enriched with titanium oxide nanoparticles of improved UV-barrier properties for the active packaging of green bell pepper. Int. J. Biol. Macromol. 2020, 165, 1187–1197. [Google Scholar] [CrossRef] [PubMed]

	



Yu, W.-X.; Hu, C.-Y.; Wang, Z.-W. Release of Potassium SORBATE from Pectin- Carboxymethyl Cellulose Films into Food Simulant. J. Food Process. Preserv. 2016, 41, e12860. [Google Scholar] [CrossRef]

	



Noshirvani, N.; Ghanbarzadeh, B.; Mokarram, R.R.; Hashemi, M. Novel active packaging based on carboxymethyl cellulose-chitosan-ZnO NPs nanocomposite for increasing the shelf life of bread. Food Packag. Shelf Life 2017, 11, 106–114. [Google Scholar] [CrossRef]

	



Youssef, A.M.; El-Sayed, S.M.; El-Sayed, H.S.; Salama, H.H.; Dufresne, A. Enhancement of Egyptian soft white cheese shelf life using a novel chitosan/carboxymethyl cellulose/zinc oxide bionanocomposite film. Carbohydr. Polym. 2016, 151, 9–19. [Google Scholar] [CrossRef]

	



Mozaffarzogh, M.; Misaghi, A.; Shahbazi, Y.; Kamkar, A. Evaluation of probiotic carboxymethyl cellulose-sodium caseinate films and their application in extending shelf life quality of fresh trout fillets. LWT 2020, 126, 109305. [Google Scholar] [CrossRef]

	



Sanches-Silva, A.; Costa, D.; Albuquerque, T.G.; Buonocore, G.G.; Ramos, F.; Castilho, M.C.; Machado, A.V.; Costa, H.S. Trends in the use of natural antioxidants in active food packaging: A review. Food Addit. Contam. Part A 2014, 31, 374–395. [Google Scholar] [CrossRef]

	



Gómez-Estaca, J.; López-de-Dicastillo, C.; Hernandez-Munoz, P.; Catalá, R.; Gavara, R. Advances in antioxidant active food packaging. Trends Food Sci. Technol. 2014, 35, 42–51. [Google Scholar] [CrossRef]

	



Assis, R.Q.; Rios, P.D.; Rios, A.D.O.; Olivera, F.C. Biodegradable packaging of cellulose acetate incorporated with norbixin, lycopene or zeaxanthin. Ind. Crop. Prod. 2020, 147, 112212. [Google Scholar] [CrossRef]

	



Nemazifard, M.; Kavoosi, G.; Marzban, Z.; Ezedi, N. Physical, mechanical, water binding, and antioxidant properties of cellulose dispersions and cellulose film incorporated with pomegranate seed extract. Int. J. Food Prop. 2016, 20, 1–14. [Google Scholar] [CrossRef]

	



He, B.; Wang, W.; Song, Y.; Ou, Y.; Zhu, J. Structural and physical properties of carboxymethyl cellulose/gelatin films functionalized with antioxidant of bamboo leaves. Int. J. Biol. Macromol. 2020, 164, 1649–1656. [Google Scholar] [CrossRef]

	



Riaz, A.; Lagnika, C.; Luo, H.; Nie, M.; Dai, Z.; Liu, C.; Abdin, M.; Hashim, M.M.; Li, D.; Song, J. Effect of Chinese chives (Allium tuberosum) addition to carboxymethyl cellulose based food packaging films. Carbohydr. Polym. 2020, 235, 115944. [Google Scholar] [CrossRef] [PubMed]

	



Martelli, S.M.; Motta, C.; Caon, T.; Alberton, J.; Bellettini, I.C.; Prado, A.C.P.D.; Barreto, P.L.M.; Soldi, V. Edible carboxymethyl cellulose films containing natural antioxidant and surfactants: α-tocopherol stability, in vitro release and film properties. LWT 2017, 77, 21–29. [Google Scholar] [CrossRef]

	



Roy, S.; Rhim, J.-W. Carboxymethyl cellulose-based antioxidant and antimicrobial active packaging film incorporated with curcumin and zinc oxide. Int. J. Biol. Macromol. 2020, 148, 666–676. [Google Scholar] [CrossRef] [PubMed]

	



Ruan, C.; Zhang, Y.; Wang, J.; Sun, Y.; Gao, X.; Xiong, G.; Liang, J. Preparation and antioxidant activity of sodium alginate and carboxymethyl cellulose edible films with epigallocatechin gallate. Int. J. Biol. Macromol. 2019, 134, 1038–1044. [Google Scholar] [CrossRef]

	



Heredia-Guerrero, J.A.; Ceseracciu, L.; Guzman-Puyol, S.; Paul, U.C.; Alfaro-Pulido, A.; Grande, C.; Vezzulli, L.; Bandiera, T.; Bertorelli, R.; Russo, D.; et al. Antimicrobial, antioxidant, and waterproof RTV silicone-ethyl cellulose composites containing clove essential oil. Carbohydr. Polym. 2018, 192, 150–158. [Google Scholar] [CrossRef]

	



Nunes, M.R.; de Souza Maguerroski Castilho, M.D.S.M.; de Lima Veeck, A.P.D.L.; da Rosa, C.G.; Noronha, C.M.; Maciel, M.V.O.B.; Barreto, P.M. Antioxidant and antimicrobial methylcellulose films containing Lippia alba extract and silver nanoparticles. Carbohydr. Polym. 2018, 192, 37–43. [Google Scholar] [CrossRef]

	



Tan, W.; Zhang, J.; Zhao, X.; Li, Q.; Dong, F.; Guo, Z. Preparation and physicochemical properties of antioxidant chitosan ascorbate/methylcellulose composite films. Int. J. Biol. Macromol. 2019, 146, 53–61. [Google Scholar] [CrossRef]

	



EFSA. Active and Intelligent Packaging Substances. Available online: https://www.efsa.europa.eu/en/topics/topic/active-and-intelligent-packaging-substances (accessed on 24 October 2022).

	



Salgado, P.R.; Di Giorgio, L.; Musso, Y.S.; Mauri, A.N. Recent Developments in Smart Food Packaging Focused on Biobased and Biodegradable Polymers. Front. Sustain. Food Syst. 2021, 5, 630393. [Google Scholar] [CrossRef]

	



Kalpana, S.; Priyadarshini, S.R.; Leena, M.M.; Moses, J.A.; Anandharamakrishnan, C. Intelligent packaging: Trends and applications in food systems. Trends Food Sci. Technol. 2019, 93, 145–157. [Google Scholar] [CrossRef]

	



Han, J.; Ho, C.; Rodrigues, E. Intelligent Packaging. In Innovations in Food Packaging, 2nd ed; Academic Press: Oxford, UK, 2005; pp. 138–155. [Google Scholar]

	



Cheng, H.; Xu, H.; McClements, D.J.; Chen, L.; Jiao, A.; Tian, Y.; Miao, M.; Jin, Z. Recent advances in intelligent food packaging materials: Principles, preparation and applications. Food Chem. 2021, 375, 131738. [Google Scholar] [CrossRef]

	



Sohail, M.; Sun, D.-W.; Zhu, Z. Recent developments in intelligent packaging for enhancing food quality and safety. Crit. Rev. Food Sci. Nutr. 2018, 58, 2650–2662. [Google Scholar] [CrossRef] [PubMed]

	



Prietto, L.; Mirapalhete, T.C.; Pinto, V.Z.; Hoffmann, J.F.; Vanier, N.L.; Lim, L.-T.; Dias, A.R.G.; Zavareze, E.D.R. pH-sensitive films containing anthocyanins extracted from black bean seed coat and red cabbage. LWT 2017, 80, 492–500. [Google Scholar] [CrossRef]

	



Chen, H.-Z.; Zhang, M.; Bhandari, B.; Yang, C.-H. Novel pH-sensitive films containing curcumin and anthocyanins to monitor fish freshness. Food Hydrocoll. 2019, 100, 105438. [Google Scholar] [CrossRef]

	



Freitas, P.A.; Silva, R.R.; de Oliveira, T.V.; Soares, R.R.; Junior, N.S.; Moraes, A.R.; Pires, A.C.D.S.; Soares, N.F. Development and characterization of intelligent cellulose acetate-based films using red cabbage extract for visual detection of volatile bases. LWT 2020, 132, 109780. [Google Scholar] [CrossRef]

	



Liang, T.; Sun, G.; Cao, L.; Li, J.; Wang, L. A pH and NH3 sensing intelligent film based on Artemisia sphaerocephala Krasch. gum and red cabbage anthocyanins anchored by carboxymethyl cellulose sodium added as a host complex. Food Hydrocoll. 2018, 87, 858–868. [Google Scholar] [CrossRef]

	



Freitas, P.A.; de Oliveira, T.V.; Silva, R.R.; e Moraes, A.R.F.; Pires, A.C.D.S.; Soares, R.R.; Junior, N.S.; Soares, N.F. Effect of pH on the intelligent film-forming solutions produced with red cabbage extract and hydroxypropylmethylcellulose. Food Packag. Shelf Life 2020, 26, 100604. [Google Scholar] [CrossRef]

	



Gomes, V.; Pires, A.S.; Mateus, N.; de Freitas, V.; Cruz, L. Pyranoflavylium-cellulose acetate films and the glycerol effect towards the development of pH-freshness smart label for food packaging. Food Hydrocoll. 2022, 127, 107501. [Google Scholar] [CrossRef]

	



Zhou, N.; Wang, L.; You, P.; Wang, L.; Mu, R.; Pang, J. Preparation of pH-sensitive food packaging film based on konjac glucomannan and hydroxypropyl methyl cellulose incorporated with mulberry extract. Int. J. Biol. Macromol. 2021, 172, 515–523. [Google Scholar] [CrossRef]

	



Sani, M.A.; Tavassoli, M.; Hamishehkar, H.; McClements, D.J. Carbohydrate-based films containing pH-sensitive red barberry anthocyanins: Application as biodegradable smart food packaging materials. Carbohydr. Polym. 2020, 255, 117488. [Google Scholar] [CrossRef]

	



Filipini, G.D.S.; Romani, V.P.; Martins, V.G. Biodegradable and active-intelligent films based on methylcellulose and jambolão (Syzygium cumini) skins extract for food packaging. Food Hydrocoll. 2020, 109, 106139. [Google Scholar] [CrossRef]

	



Liu, Y.; Ma, Y.; Liu, Y.; Zhang, J.; Hossen, A.; Sameen, D.E.; Dai, J.; Li, S.; Qin, W. Fabrication and characterization of pH-responsive intelligent films based on carboxymethyl cellulose and gelatin/curcumin/chitosan hybrid microcapsules for pork quality monitoring. Food Hydrocoll. 2021, 124, 107224. [Google Scholar] [CrossRef]

	



Boonsiriwit, A.; Lee, M.; Kim, M.; Inthamat, P.; Siripatrawan, U.; Lee, Y.S. Hydroxypropyl methylcellulose/microcrystalline cellulose biocomposite film incorporated with butterfly pea anthocyanin as a sustainable pH-responsive indicator for intelligent food-packaging applications. Food Biosci. 2021, 44, 101392. [Google Scholar] [CrossRef]

	



Jiang, G.; Hou, X.; Zeng, X.; Zhang, C.; Wu, H.; Shen, G.; Li, S.; Luo, Q.; Li, M.; Liu, X.; et al. Preparation and characterization of indicator films from carboxymethyl-cellulose/starch and purple sweet potato (Ipomoea batatas (L.) lam) anthocyanins for monitoring fish freshness. Int. J. Biol. Macromol. 2019, 143, 359–372. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Wu, W.; Zheng, L.; Yu, J.; Sun, P.; Shao, P. Intelligent packaging films incorporated with anthocyanins-loaded ovalbumin-carboxymethyl cellulose nanocomplexes for food freshness monitoring. Food Chem. 2022, 387, 132908. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 14 04968 g001 550] 





Figure 1. Estimative of total world population up to 2100. 
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Figure 2. Classification of polymers proposed for food packaging. 
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Figure 3. Molecular structure of various biopolymers used in food packaging. 
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Figure 4. Examples of different cellulose types, according to different preparation methods. Surface electron microscopy images illustrating different microstructures; these were reproduced with permission. [31,32,33]. (Copyright 2016, 2020, 2022, Elsevier.) 
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Figure 5. Examples of cellulose derivatives and respective molecular structure. 
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Table 3. Summary of pH-sensitive cellulose films.
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Sensors

	
Cellulose Matrix

	
Functions

	
Ref.






	
Red cabbage extract

	
CA

	

	-

	
The films promoted a color-changing capacity, thereby showing an excellent ability to detect volatile ammonia due to food degradation.







	
[160]




	
Sodium-CMC/Artemisia sphaerocephala Krasch gum (ASKG)

	

	-

	
The films responded to buffer solutions (from rose-bengal to aquamarine) and NH3 (from yellow-green to yellow).







	
[161]




	
HPMC

	

	-

	
The films detected volatile ammonia and different color reversibility;




	-

	
At pH 2, they did not show complete color reversibility, thereby indicating a possible application as an irreversible food spoilage sensor.







	
[162]




	
Pyranoflavylium salt

	
CA/Glycerol

	

	-

	
The films showed relevant and remarkable color changes at the pH range of food spoilage.







	
[163]




	
Mulberry extract

	
HPMC/konjac glucomannan

	

	-

	
The composite film allows real-time visual monitoring of fish freshness, and it changed from purple to gray to yellow as the freshness of the fish decreased.







	
[164]




	
Barberry extract

	
MC/Chitin nanofibers

	

	-

	
The films changed color from reddish/crimson to pink to yellow in response to the loss of fish fillet freshness.







	
[165]




	
Jambolão skins extract

	
MC

	

	-

	
The MC films were active, intelligent, and biodegradable. They presented pH-sensitivity and antioxidant activity;




	-

	
The films can be used to increase shelf life and indicate freshness of meat and aquatic products.







	
[166]




	
Blackcurrant anthocyanins

	
CMC/konjac glucomannan

	

	-

	
The pH-responsive film can monitor the freshness of fish in real-time;




	-

	
The anthocyanins contribute to the improvement of antibacterial and antioxidant properties of the film.







	
[98]




	
Curcumin

	
CMC

	

	-

	
The films could monitor the freshness of pork because the curcumin was pH-sensitive. The films change from yellow to dark yellow to light yellow.







	
[167]




	
Butterfly pea anthocyanin

	
HPMC/microcrystalline cellulose

	

	-

	
Physical and chemical properties were improved;




	-

	
The films were sensitivity to changes in pH of mackerel (Scomber scombrus) and to ammonia.







	
[168]




	
Purple sweet potato anthocyanins

	
CMC

	

	-

	
The indicator films were sensitive to ammonia and pH changes, and they changed from red to blue and green when the fish became spoiled;




	-

	
The films can be used to monitor the real-time fish freshness.







	
[169]




	
Blueberry anthocyanins

	
CMC/ovalbumin

	

	-

	
The intelligent film was used as mushroom spoilage indicator;




	-

	
The films changed from purple to pink during the storage of mushrooms.







	
[170]








CA—cellulose acetate; CMC—carboxymethyl cellulose; HPMC—hydroxymethyl cellulose; MC—methylcellulose.
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