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Abstract

:

Biopolymers are a leading class of functional material suitable for high-value applications and are of great interest to researchers and professionals across various disciplines. Interdisciplinary research is important to understand the basic and applied aspects of biopolymers to address several complex problems associated with good health and well-being. To reduce the environmental impact and dependence on fossil fuels, a lot of effort has gone into replacing synthetic polymers with biodegradable materials, especially those derived from natural resources. In this regard, many types of natural or biopolymers have been developed to meet the needs of ever-expanding applications. These biopolymers are currently used in food applications and are expanding their use in the pharmaceutical and medical industries due to their unique properties. This review focuses on the various uses of biopolymers in the food and medical industry and provides a future outlook for the biopolymer industry.
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1. Introduction


Biopolymers are the organic substances present in natural sources. The term biopolymer originates from the Greek words bio and polymer, representing nature and living organisms. Large macromolecules made up of numerous repeating units are known as biopolymers [1]. As per the IUPAC definition, a macromolecule defines a single molecule [2]. The biopolymers are found to be biocompatible and biodegradable, making them useful in different applications, such as edible films, emulsions, packaging materials in the food industry, and as drug transport materials, medical implants like medical implants organs, wound healing, tissue scaffolds, and dressing materials in pharmaceutical industries. The main focus of this review is to provide a piece of knowledge about biopolymers and their uses in the food and medical industries.



The most prevalent macromolecules are biopolymers, which comprise nucleic acids, proteins, carbohydrates, lipids, and giant non-polymeric molecules like lipid and macrocycles, the most frequent macromolecules [3]. Plastics, synthetic fibers, and experimental materials, such as carbon nanotubes, are examples of synthetic macromolecules [4]. In addition to repeating units of nucleic acids, saccharides, or amino acids, their molecular backbones may contain a variety of chemical side chains that contribute to the functions of the molecules. Polylactic acid (PLA) and polyhydroxyalkanoates (PHAs) are two examples of biopolymers found in microorganisms or genetically modified organisms utilizing traditional chemical methods. These include polysaccharides from cellulose and proteins from collagen or milk. The biotechnological synthesis of biopolymers with customized qualities suited for high-value medical applications, such as tissue engineering and medication delivery, is made possible through the genetic modification of microorganisms. According to their origin, the classification of biopolymers is shown in Figure 1, and its advantages, disadvantages are in Table 1.



1.1. Need for Biopolymers


Biopolymers have gotten a lot of interest in various applications where sustainable and biodegradable solutions are needed. The utilization of drug delivery methods to increase the performance of bioactive molecules is still an essential technique for attaining illness therapy, and advancement in this area has been critical. Synthetic, natural, and semi-synthetic polymers are commonly employed in developing drug delivery systems in this context [5]. The standard utilization of synthetic and chemical-based polymers in the food and medical industries has various environmental concerns. Increased environmental awareness of sustainability, controls on pollutants, and municipal solid waste disposal are all driving forces for developing biopolymer-based packaging materials [6]. The use of biopolymers minimizes carbon dioxide emissions, municipal solid waste, and reliance on petroleum-based resources [7].




1.2. Sources of Biopolymers


Plants, animals, microorganisms, and agricultural wastes are examples of natural biological sources of biopolymers. Plant sources, such as rice, maize [8], wheat [9], sorghum [10], yams [11], cassava [12], potatoes [13], banana [14], tapioca [15], corn [16], cotton [17], and barley [18] biopolymers can be produced chemically from monomeric components, such as oils, sugars, and amino acids. Cattles are the most common animal sources, while corals, sponges, fish, lobster, and shrimp are the most common marine sources. Algae, fungus, and yeasts are the most common microbiological sources (Figure 2). The origins and chemical structures of the main biopolymers are shown in Table 2. Agro leftovers, paper wastes, crops, green wastes, and wood wastes are carbohydrate-rich biomass-based sources. Triglycerides are found in vegetable oils, such as sunflower, soybean, safflower, jojoba, rapeseed, castor, and meadowfoam oil (Figure 3) [19]. Vegetable oils obtained from food producers, in particular, are excellent alternatives for natural polymer synthesis [20]. PHAs are a kind of biopolymer, secondary metabolites generated by microbes and plants. PHAs are stored as inclusion bodies in bacteria and are generated and aggregated intracellularly as transparent granules [21]. These biopolymers are produced naturally and degraded by microbial metabolisms, even though these biopolymers can be melted and shaped in the same way as the chemical and synthetic thermoplastics [22].



1.2.1. As a Bio-Resource: Lignin


Lignin is made from renewable resources, including grasses, trees, and plants, and accounts for around 30% of the wood components [32]. Lignins are harmless and have a wide range of applications. The global production of lignin as a by-product of the pulping process exceeds 30 million tons per year. However, it has to be addressed that the mentioned figure is simply an estimate because there are no good statistics on lignin production. After all, it is typically burned as fuel shortly after creation. Lignins for commercial usage are acquired as effluent from the bio-ethanol industry. The lignin higher-order structure, which comprises phenylpropane units, is inherently amorphous. In the process of radical-based lignin biosynthesis, three primary lignin structures, 4-hydroxyphenyl, guaiacyl, and syringyl (Figure 4), are conjugated to generate a three-dimensional lignin polymer [33].



Some natural polymers formed by microbes, plants, or animals alter vital biological information (proteins and nucleic acids). In contrast, there are others (polysaccharides) that offer fuel for cell functions and act as structural components in living systems. Biopolymers can also be synthesized in vitro, which involves treating the biopolymers with isolated enzymes in cell-free settings. One example is using heat-stable DNA polymerases in a polymerase chain reaction (PCR) to create monodisperse specified DNA molecules. A similar example is the manufacture of dextran using isolated dextran sucrose on a smaller scale [34].




1.2.2. Carbohydrate Based Biopolymers: Polysaccharides


Polysaccharides are biopolymers composed of monosaccharides (sugars) connected by glycosidic linkages generated during condensation. The linking of monosaccharides into chains results in radically varying lengths, ranging from two monosaccharides to polysaccharides with thousands of sugars. Polysaccharides serve a variety of essential functions in the biology of living processes [35], and many have found crucial commercial uses. They are split into two classes based on their role in nature: structural and storage polysaccharides. Finally, gums, which are often employed in foods, medicines, and material science emulsifiers, gels, lubricants, adhesives, and other applications, are individually discussed in subsequent sections.






2. Biopolymers: State of Art


Humans have primarily utilized biopolymers throughout history as food or in the manufacture of clothes and furnishings. Since the beginning of the Industrial Revolution, fossil fuels, such as oil, have been a crucial energy source for practically every commercial product, including plastic, which is widely used. However, fossil fuels are finite resources, and environmental issues must be considered while using them for both production and energy. We must act sustainably, which means using resources at a rate that allows them to be replenished by our planet’s natural cycles. Biopolymers are experiencing a revival because of their renewable nature. Biopolymers derived from renewable feedstocks have been developed in the last two decades in response to consumer demand for environmentally friendly goods. Polymers made from fossil fuel compete with biopolymers not only for functional qualities but also for cost. Biopolymers are competitive when oil prices are high and feedstock prices, such as maize, starch, are low.



For more than half a century, biochemists and molecular biologists have dominated the research of biopolymers. In recent years, the community of soft matter physics has taken up the biopolymer research area. The goal is not only sheer intellectual curiosity, but also to model and comprehend certain situations. The fundamental physics that underpins biopolymer behavior, and the methodologies used to investigate it, are frequently identical. New powerful X-ray sources have been developed, which has resulted in the creation of new techniques (ultra-high-speed confocal scanning laser microscopy, cryo-TEM), and polymer physicists are currently heavily influenced by single-molecule approaches [36]. There is substantial cooperation among physicists and biologists in this field. Biologists, for example, can develop molecules with specific mutations to explore the function of certain groups put at various points along the sequence, for example, to research the impact of a single residue on the chain. The effect of biopolymer folding–unfolding on mechanical properties may be measured by tugging with an atomic force microscope (AFM) tip [37]. In addition, understanding biological molecular machines enables the creation of synthetic devices [38]. Molecules can conduct similar activities. The observed trend in physics also applies to chemistry, since biopolymers have emerged as novel macromolecular chemistry building blocks in the past decade. This is owing primarily to the introduction of novel polymerization technologies, including controlled free-radical polymerization (CRP) or “click” chemistry. The processing of these chemical alternatives enables precise control of molar mass distribution, macromolecular architecture, and macromolecule functioning. Block copolymers, including one block of a biopolymer, are now more readily available, allowing researchers to examine its bulk self-assembly or a selective solvent for one of the blocks. The biopolymer block’s unique properties in terms of biodegradability, bioactivity, and biocompatibility enable it to be targeted toward fields of application, such as pharmaceutical science, where self-assembly (for example, micellar aggregates, microgels, polymersomes) is utilized to develop drug delivery systems that can be targeted [39]. Furthermore, biopolymer-based block copolymers are particularly promising. The high segregation power demonstrated by the majority of biopolymer blocks compared to synthetic ones results in successful microphase separation, regardless of the modest degrees of polymerization exhibited by each of the blocks individually [40].



Biodegradable polymers have recently gained popularity as an alternative to conventional plastics. Biodegradable packaging is advised, particularly for short-term plastic food packaging, where degradability is a real benefit so that it can be disposed of with food waste for decomposition [41]. In the packaging industry, a variety of natural and synthetic biopolymers are used [42].




3. Biopolymers for Medical Applications


Science and technology are essential factors in extending life expectancy. In this regard, various creative approaches and new equipment have been created, resulting in lower morbidity and death rates. The utilization of drug delivery methods to increase the effectiveness of bioactive molecules is an essential technique for treating illnesses, and development in this area has been substantial. Synthetic, semi-synthetic, and natural polymers are commonly employed in the development of drug delivery systems in this context [43]. Suturing, fixing, adhesion, covering, occlusion, isolation, contact inhibition, cell proliferation, tissue guiding, and controlled drug administration [44,45,46,47] are just some of the medicinal applications that biopolymers could be used for. Several biomaterial production techniques and processes have been developed in recent decades to address and examine natural tissues’ important functional architectural and compositional characteristics [48]. The hunt for better and more tissue-oriented implantable units has increased the understanding of biomaterials’ potential and heightened interest in multimodal scaffolds with unique shapes and physical-chemical properties [49]. These scaffolds have multifunctional or multimodal qualities due to the integration of diverse topographies not generally present in each material, which boosts their potential relevance in regenerative medical techniques [50]. Polymers have a critical role in developing three-dimensional templates and the creation of synthetic extracellular matrix (ECM) habitats for tissue regeneration [51]. Biopolymers could be synthesized synthetically or from natural assets [52]. A range of composite materials and interpenetrating networks have been used to attain the required objectives since each group has specific benefits and limits. Due to the adaptability of synthetic polymers, which enables them to be adjusted to a broad range of degradation efficiency, structural traits, and mechanical characteristics, they are a reliable source of innovative materials. The synthetic polymer composition may be tailored to reduce immune response and combine the most significant features. Owing to its superior biodegradability and lack of cytotoxicity, natural polymers have been proposed as a viable alternative to commonly utilized synthetic materials. They are derived from natural sources, resemble soft tissues, and are formed through enzyme-catalyzed chain-growth polymerization processes of activated monomers, often created within cells during metabolic activities. Collagen, gelatin, dextran, agarose/alginate, hyaluronic acid, cellulose, and fibrin gels are all included in this category (Table 3). Despite being cleansed to prevent a foreign body reaction after implantation, natural polymers are commonly employed in regenerative medicine. Biodegradable polymers were chosen for the drug delivery system because they do not need surgery to remove once the medications have been released and may be excreted by the body. Some of the famous examples of biomedical applications that use biopolymers include soft-tissue replacement vascular grafts, breast implants, intraocular lenses, artificial hearts, components of extracorporeal oxygenators, contact lenses, plasmapheresis units, sutures, adhesives, and blood substitutes, dialyzers, liver, pancreas, bladder, kidney, bone cement, catheters, external and internal ear repairs, coatings for pharmaceutical tablets and capsules, cardiac assist devices, implantable pumps, pacemaker, encapsulations, heart valves, artificial blood vessels, joint replacements artificial skin, dentistry, drug delivery, and targeting sites of tumors or inflammation [53,54,55,56]. Since PHAs are biodegradable, they can be used as a substitute for petrochemical plastics in biomedical applications. The adaptability of poly (3-hydroxyoctanoate) in particular makes it a potentially appropriate choice as a biopolymer for drug delivery formulation as well as features of prospective tissue engineering [57].



Many natural biomaterials based on biopolymers have been studied for hard and soft-tissue repair. They can be utilized independently or with other synthetic or inorganic components. The specific dressing, nursing care, and decreased grafting time are the key features of these tissue-engineered materials. Many recent in vivo studies contributed to the FDA clearance of innovative biomaterials for clinical use based on natural biopolymers as matrices for cell distribution and scaffolds for cell-free support of native tissues, despite their mechanical fragility and high cost. For cell encapsulation, a variety of naturally occurring and manufactured biopolymers that might be synthesized into diverse physical forms and geometries are used. The biomaterial component of these therapies must offer suitable mass transport characteristics, membranes, or scaffold stability, and acceptable cellular interactions depending on the site and intended function of the implant. Intelligent biopolymer hydrogels that vary their swelling behavior and other features in response to chemical and physical stimuli, including pH, metabolites or/and ionic variables, temperature, and electric fields, have piqued curiosity. These “smart” hydrogels exhibit single or multiple stimuli-responsive properties. They may be used in a variety of biomedical applications, varying from cell adhesion mediators and controlled drug delivery systems to controllers of gene expression and enzyme function in bioengineering or tissue engineering, in addition to their biocompatibility, biodegradability, and biological processes. Biopolymers may be readily functionalized to improve cell interactions and provide an appropriate platform for cellular and tissue functions. There are two types of peptide-based biopolymers in tissue engineering: self-assembling polypeptides that form gels in response to environmental cues, and polypeptides that create gels by chemical crosslinking. The biopolymer block’s unique bioactivity, biocompatibility, and biodegradability properties enable it to be used in various biomedical applications [70]. Polymer–biopolymer interactions are becoming more and more capable of being planned and selected, allowing for their intervention in cellular dysfunctions and developing more effective, targeted, and efficacious therapeutics. Due to the degree of control possible via live polymerization techniques, previously available structure-function connections for biomacromolecules may now be inferred for fully synthetic materials. Simultaneously, the production and activity of biopolymers may be controlled using molecular biology techniques. Because the ability to control the structure of polymers results in the power to modify their functioning, this synthesis of natural and synthetic macromolecular chemistry inevitably results in biomedical applications. A few examples of the medical application of biopolymers have been presented in Table 3. Bio-printers can automate the assembly process and allow for complex biopolymer manipulation—from the macromolecular to the living cell level—to achieve architectural and biochemical complexity never before possible, resulting in tissue and organ substitutes that closely resemble their natural counterparts. These many regenerative medicine approaches are likely to transition from ‘bench to bedside’ in the future.



The potential of biodegradable nanoparticles has been explored by various researchers for a wide range of biomedical applications due to their properties, such as biocompatibility and bio-safety. Depending on their size, nature, and design, various nanoparticles have distinct therapeutic efficacy, bioavailability, and delivery components. Nanotechnology-assisted imaging is advantageous not only in the field of cancer but also in the field of cardiovascular disease [71,72]. Micelles are helpful in cancer treatment by focusing on malignant cells using tumor molecular probes [73].



3.1. Biomedical Applications of Protein-Based Biopolymers


Protein-based biopolymers play a vital role in medical applications. Biopolymers have biocompatible, non-toxic, and biodegradable properties. Their application to implantable devices is expanding rapidly and has great potential [74]. As the molecular sizes of proteins are governed by their secondary structures, the production of nanoparticles proteins permits the formation of precisely constructed nanoparticles [75]. Several types of biodegradable nanoparticles and their characteristics have been summarized in Table 4. Tissue engineering and therapeutic chemical delivery are a few examples of potential uses [76]. Regenerative tissue engineering aims to use the body’s inherent healing potential to improve injured or damaged tissue function. Synthetic polymers and biopolymers are used as scaffolding to establish a favorable environment for cell proliferation and tissue repair. Collagen, keratin, gelatin, sericin, and fibroin are used to make films, pickering emulsions, hydrogels, nanogels, nanofibers, linked porous scaffolds, and 3D-printed scaffolds [47,77,78,79,80,81,82]. Tissue engineering and therapeutics molecules (gene delivery, drug delivery, protein delivery) are delivered via collagen-based nanospheres, nanoparticles, sponges, electrospun fiber, and hydrogel [83].



Gelatin is a non-toxic, biodegradable, and FDA-approved substance. Acid (type A gelatin) or essential (type B gelatin) hydrolysis is used to extract from bovine or porcine sources. Gelatin has been extracted from a variety of sources, including jellyfish, fins, bones, and sea urchins [84]. Gel formation, thickening, emulsification, and foaming are characteristics of gelatin [85].





[image: Table] 





Table 4. Various types of biodegradable nanoparticles and their characteristics.






Table 4. Various types of biodegradable nanoparticles and their characteristics.





	Nanoparticles
	Properties
	Ref.





	Chitosan
	Non-toxic, blood viable, antitumor, antioxidant, antimicrobial, inexpensive, and biodegradable
	[86]



	Superparamagnetic iron oxide nanoparticles
	Superparamagnetic, paramagnetic
	[87]



	Poly-L-lysine
	High loading capacity, biodegradable, targeted delivery
	[88]



	Poly-D-L-lactide-co-glycolide
	Biocompatible, non-toxic by-products
	[89]



	Liposomes
	Biocompatible, carries hydrophobic material
	[90]



	Alginate
	Water-soluble, biocompatible
	[91]



	Gold
	Biocompatible, hyperthermia
	[92]



	Micelles
	Capable of carrying water-soluble drug
	[93]









3.2. Chitosan in Medical Applications


Chitosan is also widely used in medical uses because of its biodegradable and biocompatible properties. It has a variety of uses (gels, films, particles, membranes, or scaffolding, etc.) from biomedical to industrial fields. In addition, due to its properties, chitosan plays an essential role in cell attachment and growth. It is widely used as a tissue engineering matrix when manufactured in a porous structure. The main uses of chitosan in implants are bone, ligament, cartilage, tendon, liver, nerve, stent, and skin regeneration. Several examples of chitosan-based matrices for bone applications have been reported. However, due to its mechanical weakness [94], there is a need to combine chitosan with other materials in applications for bone tissue engineering [95]. Nanoparticles formed using chitosan display interesting properties, such as low toxicity; good absorbability, permeability, and moisture retention; and is easily degradable. However, they suffer from poor long-term stability and are very sensitive to environmental temperature and pH, which affects the degradation rate [96].





4. Biopolymers for Food Applications


In the last 50 years, a growing number of alternative and modified foods have been created using a variety of engineering, science, and biotechnology equipment. As a result, most commercial food on the market today has been altered and enhanced in some way to make it appear better, taste better, and be more financially viable. The advancement of applied engineering and biotechnologies in the food industry has been impressive. From genetic engineering to enhanced preservatives and sophisticated materials for creative materials, food quality management, and packaging, many of the advancements are targeted toward tackling the global food shortage in an ever-increasing population. Although biomedical science has benefited the most from the developments in biopolymer research, recent studies show that new products in biopolymers have a significant influence on food research. These materials are now being researched for novel and unique food items with qualities, such as intelligent detection, better nutritional properties, bio-responsive capabilities, and diverse biodegradable possibilities. Their application is transforming food design, manufacturing, and packaging by supporting an environmentally friendly food engineering strategy. Humans have utilized biopolymers as furniture, clothing, and food since the dawn of time, relying on biomaterials, such as silk, wool, cellulose, and leather. However, these polymers may be customized to meet specific needs in today’s world. Biopolymers derived from natural and contemporary industrial economies contribute significantly to both ecosystems, as humans live in natural and artificial environments. The increasing use of synthetic polymers has created environmental concerns and human health. Materials made from natural polymers are becoming more popular as environmental concerns grow [97].



Food biopolymers are divided into two categories: polysaccharides and proteins. Proteins are amino acid polymers found in plant and animal tissues. Shear, heat, and pH all affect the structural stability of proteins in meals. Polysaccharides, which are branching or linear polymers of sugars bound by glycosidic connections, constitute a significant source of energy in nature. Endo and exo core matrices of marine species and plants include polysaccharides as a hydrated compound. Biopolymers, as part of specialized structures with qualities, are currently widely used in food processing due to their capacity to interact with the other food components to increase their physicochemical properties and stability. Monosaccharides of identical or distinct residues are used to make polysaccharides. They are a visually attractive food packaging platform. Active packaging, composed chiefly of polysaccharide biopolymers, protects food against pathogenic and spoilage germs. Food components undergo phase transformations during preparation and storage at different temperatures and pressures (liquid-gel or liquid-solid). These alterations have an impact on food quality and stability. This is because changes in the physical characteristics of meals are connected to phase transitions in food components [98]. Food phase transition has been emphasized to enhance goods and processes by controlling the process. In recent years, there has been a lot of research on the design and qualities of fat-replaced food items. Biopolymers, particularly hydrocolloids, are often employed to replicate lipids’ sensory and rheological qualities in these food systems.



Biopolymers have been proposed as an appropriate medium for the production and stability of silver nanoparticles [99,100,101]. The polymer-assisted synthesis approach promotes nanoparticle dispersion inside a polymer matrix, which impacts the ultimate structural rigidity and uniformity of the nanocomposite film, resulting in the preservation of significant antibacterial characteristics in nanocomposite films [102,103,104]. The key advantages of nanoparticles are improved food protection and longevity, which may be accomplished by enhancing film-forming materials’ physical and functional characteristics [105].



4.1. Nanostructured Coatings on Fruits during COVID-19


Late in 2019, the world was confronted with a new coronavirus (SARS-CoV-2) outbreak in Wuhan, China. COVID-19, the disease caused by SARS-CoV-2, presents a spectrum of moderate-to-severe symptoms, as well as an asymptomatic appearance. The World Health Organization (WHO) proclaimed COVID-19 a pandemic on 11 March 2020, and as of 21 October 2020, over 41 million confirmed cases and 1.13 million fatalities had been documented globally [106]. COVID-19 incidences resulted in millions of infections and deaths worldwide because of its fast spreadability. Like the drugs, healthy fruits with excellent nutritional value have been promoted during the COVID-19 crisis [107]. While the pandemic significantly impacted the economy, it also significantly influenced the healthy supply chain in the forms of fruits from farm to plate due to labor shortages, transportation limitations, and outdoor activities. These were significant factors in spoiling fruits in farms/agricultural areas and developed enormous waste due to limited shelf life. Thus, developing a long-lasting, non-toxic, environmentally friendly, edible nanostructured coatings with antimicrobial properties on the surface of perishable fruits is critical for increasing the fruits’ shelf life and nutritional security.



The edible coating on fruits prevents viral transmission and helps to increase the shelf life of fruits, which is crucial for COVID-19 patient recovery. Polyphenols, a family of phytochemicals having antibacterial, antioxidant, anti-proliferative, and hormone-regulating activities, are found in various fruits, including cranberries, apples, grapes, kiwis, strawberries, blueberries, and citrus fruits [108]. Polyphenols are incredibly beneficial due to their wide variety of health advantages. Polyphenols, such as quercetin, epigallocatechin-gallate, pectolinarin, sinigrin, rhoifolin, gallocatechin-gallate, hesperetin, and herbaceous have been shown in several studies to improve immune function and antiviral activity against coronavirus without generating side effects [109]. It has been noted that coronavirus causes significant lung problems in infected individuals, a condition known as a cytokine storm. The cytokine storm results in an increase in the production of pro-inflammatory cytokines, which contributes to the mortality of infected individuals. Curcumin, emodin, resveratrol, apigenin, kaempferol, and epigallocatechin-gallate have been shown to protect against cytokine storms caused by the coronavirus [110]. Therefore, edible antimicrobial coatings on the fruits are significantly beneficial for preventing virus transmission before infection and extending the postharvest shelf life of polyphenolic fruits, which is critical for immunizing COVID-19 patients during their recovery.




4.2. Microbial Polysaccharides in Food Industry


Several polysaccharides are water-soluble gums generated by a diverse range of microorganisms that have innovative and distinctive features. Due to their low cost, these biopolymers have evolved into unique and industrially relevant polymeric compounds. Microbial polysaccharides offer a wide range of uses in the food business due to their structural and physicochemical diversity [111,112]. They are used as stabilizers, emulsifiers, gelling agents, binders, coagulants, and suspending agents. The distinctive rheological qualities of these biopolymers are due to their regular structure and high purity, making them ideal for the food industry. Microbial polysaccharides are non-toxic, biodegradable, and environmentally benign, and they stay active at high temperatures, pH, and salinity. These are suitable substitutes for natural water-soluble gums and synthetics. Due to their superior properties, they may prove to be novel polymers in the food industry as suspending, thickening, and gelling agents [111]. Using genetically engineered microbes under-regulated fermentation settings might lead to the synthesis of new exopolysaccharides with improved characteristics, thus opening up new industrial uses. Polysaccharides can be heteropolymers, or homopolymers, having neutral (pentoses and hexoses) or anionic (uronic acid) sugars, with or without connected non-sugar molecules [113]. As texturizers, thickeners, stabilizers, and gelling agents, microbial polysaccharides improve the flavor, quality, and texture of food [114,115,116].



Sutherland’s tabulation chart of microbial polysaccharide properties and their applications in the food industry is shown in Table 5.




4.3. The Role of Dietary Fibers in Contemporary Food Production


Traditionally, dietary fibers have been collected from plant sources. However, a recent study has shown that nutritional fibers derived from microbial sources may have comparable benefits. Based on their solubility in water, the dietary fibers are classified as soluble (e.g., gums, β -glucan, pectin, and inulin) or insoluble (e.g., cutin, lignin, suberin, chitin, chitosan, cellulose, hemicellulose, and resistant starches) [129]. Bio-based films are made from a thin matrix of biopolymers with long chains, such as polysaccharides and protein, in a solution or dispersion [130]. To generate a polymer network matrix film, the solvent is removed from the solution using an appropriate approach to reduce the distance between polymers [131]. Bio-based films made from polysaccharides have a wide range of uses in the food business, pharmaceutical sector, cosmetics (anti-aging), and food components [132].



Glucans from various natural sources, including plants, algae, yeast, fungus, and bacteria, are helpful to human health because of their physiological effects as biological response modifiers [133], including wound healing benefits [134]. The European Commission included glucan in its list of new food components of functional foods and foods with specific nutritional designations in 2011 [135]. β-glucans also have rheological, biocompatibility, and biodegradability features, making them valuable molecules in various applications. In addition to these unique characteristics, β-glucan can form films, making it a fascinating biopolymer for research in materials science and food contact applications [136].



From diverse sources, several researchers have reported on the possible health effects of β-glucan. The physiological effects of β-glucan are dependent not only on the basis from which it is generated but also on the chemical makeup of the substance [137]. Dietary fiber has been described in various ways over time, and the definition continues to evolve. Dietary fiber’s health advantages are permanent and unaffected by shifting explanations—the chemistry and source of dietary fiber, especially β-glucan, influence these health advantages. Dietary fiber has a wide range of industrial uses due to its health advantages. A larger part of industrial applications relies on some form of extraction. More study is needed to identify the proper dietary fiber intake in youngsters and the elderly. Exploring innovative low-cost extraction processes might lead to new low-cost nutraceutical goods. Overall, nutritional fibers and β-glucan have an enormous potential to drive the nutraceutical industry in the twenty-first century, as customers trust natural ingredients in food to improve their quality of life.




4.4. The Functionality of Starch Derivatives in Bakery and Confectionery Products


Starch is a kind of polysaccharide, which is a long chain of glucose molecules. Starch has two kinds of glucose chains. The first is a basic chain known as amylose, while the second is a complicated branching form known as amylopectin. Starch is the most abundant carbohydrate reserve in plant tubers and seed endosperm, where it is found in the form of granules. In terms of abundance, starch is second only to cellulose [138] as one of the primary carbohydrates synthesized in plants. Starch is also the primary source of energy (60–80%) for many living creatures, including humans. Because of its versatility, it is a very useful component in the food business.



The main component in cookies or bread, especially gluten-free products, is starch, which gives the finished product structure and texture. In the confectionery industry, starches, on the other hand, are mainly used as dusting and gelling agents. Native starches can improve their functional qualities and adaptability under diverse processing circumstances. In the baking and confectionery sectors, starch derivatives were used to replace gluten in gluten-free goods, simulate fat in chocolate fillings, and prevent the bread from staling, among other things. Since starch is a plentiful, affordable, and non-toxic ingredient, interest in using it to produce new food items is very likely to grow. After cellulose, starch is one of the most prevalent carbohydrates in nature. Starch is one of the most studied natural compounds in function and structure [139]. The qualities of individual starch are mainly reliant on its botanical origin, even though it is usually referred to as solitary [140]. Specifically, it is present in high amounts in legumes, cereal grains, tubers, and roots [141] and is found in the tissue of fruits and vegetables [142]. Despite its availability, rice (in Asia), wheat (in the United States and Europe), corn (in the United States and Europe), tapioca (in Brazil, Thailand, and Indonesia), and potato (in Europe) are the only economically sustainable sources of starch [143].



Brownie batters, muffin batters, and cake batters are dispersions of sugar, eggs, salt, flour, shortening, leavening agents, and a liquid phase, mainly milk or water. The batter-type dough contains more water than bread dough, which affects how starch behaves and functions in these baked foods. When temperature-triggered in cake-type goods, starch works as a structural agent and transforms a liquid batter into a solid, porous cell structure [144]. Modified starches have become more widely used in biscuits, bakeries, noodles, confectionery, and other convenience foods in recent years. The modified starches application base has grown due to consumers’ desire for healthier and longer-lasting food items. Starches that are modified are used to enhance cake and bread volume, postpone staling of loaves of bread, substitute saturated fats in cookies and confectionery fillings, boost fiber content, and so on. In addition to their conventional role in bakery and confectionery goods, the variety of modified starch used in the food industry is predicted to improve as research in dual and multi-modifier starches to boost starch functionality continues.




4.5. Polymer for Food Sector: Guar Gum


Guar gum is a polygalactomannan derived from Cyamopsis tetragonolobus endosperm, a leguminous plant. It possesses a backbone of (1-4)-linked beta-D-mannopyranosyl units that contain a single alpha-D-galactopyranosyl team joined every second on the average central chain unit by (1-6) linkage [145]. It produces extraordinarily effective viscosities, even at low concentrations (≤1% w/v) in aqueous solutions. Because of these qualities, it is frequently employed as a thickener, foam stabilizer, gelling agent, emulsifier, and antistaling agent in the food industry. Its established prebiotic impact results in decreased blood cholesterol and blood glucose levels. Because of its usage as a dietary fiber, guar gum is also utilized to make foods with a low glycemic index. Furthermore, guar gum has recently been used to produce biodegradable food packaging films and as a wall composition for flavor encapsulation. Paper, textiles, ceramics, mining, cosmetics, paint, explosives, and pharmaceuticals are just a few sectors that use guar gum and its numerous chemical derivatives [146].



Guar, also known as cluster bean (Cyamopsis tetragonolobus L.), is a drought-resistant leguminous crop grown primarily in Pakistan and northwest India for use as green fodder, vegetable, and green manure, as well as to extract guar gum from its seeds for industrial use [147]. India produces around 1–1.25 million tons of guar per year, accounting for 80 percent of global guar gum production. Even though India and Pakistan are the world’s leading producers of guar gum, small quantities are also cultivated in the United States, China, Australia, and the African continent. The industrial uses of guar gum account for around 45 percent of total global demand [148]. However, for millennia, the guar plant has been grown in the Indian subcontinent, and the term guar originates from the Sanskrit word gau-ahar, which means “cow” and “food” [149].



Guar gum’s biggest market is the food sector, with several applications (Table 6). By virtue of its unique functionalities, such as reduced evaporation rate, superior water retention capacity, reduced growth of ice crystals, and participation in chemical transformation, it is vital in food applications. Another important characteristic of guar gum that keeps it the preferred hydrocolloid for consumers and businesses is its low cost and natural composition compared to other polymers.



Guar gum is a term that is frequently used in the baking industry to improve baked goods texture, and physical qualities, making gluten-free bread, extending shelf life by minimizing staling, making bread from frozen dough, and as well as a dietary fiber in low glycemic index foods. It is used in various dairy products, including ice creams (to prevent ice crystal growth and improve textural quality), milkshakes (to prevent serum separation and add viscosity and shear resistance), aerated desserts (to gelate and stabilize foam), yogurt (to improve texture and mouthfeel and prevent syneresis), and slimming dietary supplements (for satiation and as a health-promoting nutritional fiber). It has also been used to stabilize yogurt and make low-fat yogurt or products with high dietary fiber content. Lee et al. [157] used guar gum to make yogurt with better rheological properties. Guar gum is a thickening and viscosity enhancer used in the beverage industry. It is soluble in cold water and displays stability at low pH, as seen in drinks, making it a good choice for the beverage sector.



Moreover, because it is an odorless and tasteless molecule, it has no effect on the flavor or taste of the liquid in which it is added. Mostly, guar gum is added to diet beverages in the range of 0.10% to 0.15% (w/v of beverage) to improve mouthfeel. In fruit juices, it is added in the range of 0.25% to 0.75% (w/v of juice) to stabilize pulp. Guar gum displays good water-binding capacity and is soluble in hot and cold water. It is primarily employed as a thickening in processed meat products, where it prevents fat migration during storage, provides syneresis control, and regulates rheology and viscosity [158]. It is also used to replace fat in recipes and edible coatings in the meat industry to improve shelf life.




4.6. Chitosan Application in Food Industry


After cellulose, chitin, and chitosan are indeed the two most prevalent natural polymers. They can be found in the shells of crustaceans, mollusks, insects, and fungi, but the primary source is the shells of crustaceans. By virtue of chitosan’s unique properties, like biodegradability, nontoxicity, chelating, antioxidant, anticoagulant, antimicrobial, and biocompatible, it has been used to make bioactive materials. Antimicrobial packaging films have been getting more attention from the food industry in recent years [159]. Research into nanofilms made of chitosan polymer has been recently discussed [160]. Chitosans and other marine organisms are drained together during a high-shear cell to make a film that then stops other biomolecules that have been exfoliated. As a result, the water-vapor permeability of the nano-encapsulated chitosan film is significantly reduced, which solves one of the long-running problems in developing biopolymer nanofilms. Moreover, it has been proven that dispersed chitosan can be added to the protein to make nanofilms more durable, making them useful in food preparation. The molecular weight of chitosan mainly determines its properties as a polymer flocculant [161]. Chitosan and its derivative products are natural biopolymers that display antimicrobial [162] antiviral, antifungal, and antioxidant properties [163], with a wide range of applications. Due to the above mentioned beneficial properties, chitosan, and its derivatives have been considered functional food ingredients suitable for people [164].





5. Biopolymer Industry


5.1. Market Overview


According to an industry analysis research and consulting report on the global polymer market, its size was estimated to be a staggering $666.6 billion in 2018. The market is expected to grow significantly at a compound annual growth rate (CAGR) of 5.1%. The global polymer market is heavily disrupted by biopolymers, one of the most important organic compounds in the world. The classification of biopolymers depends primarily on their end-use industry. This market enjoys a diverse number of end-users, including promising ones in the pharmaceutical, healthcare, food, and beverage industries. In the medical sector, biodegradable polyester is very useful for manufacturing surgical implants. In the food and beverage industry, biopolymers are mainly used in the production of cellophane films and are widely used in food packaging. In 2018, the global biopolymer market showed significant growth; the estimated size was $12 billion. It is expected that during the 2019–2025 period, the biopolymer market will grow significantly at a CAGR of 19%.




5.2. Market Outlook


Biopolymers are simple macromolecules made from organisms that are fully biodegradable. Common examples of biopolymers include carbohydrates, proteins, DNA, RNA, nucleic acids, lipids, and peptides; since they are made from living organisms, they are totally carbon neutral and can be easily recycled or renewed. Moreover, biopolymers absorb the carbon dioxide plants emit instead of released into the atmosphere. There are four types of biopolymers: sugar-based biopolymers, synthetic biopolymers, cellulosic biopolymers, and natural polymers. The European Biomass Industry Association has made several efforts to boost the use of biopolymers in the market, as reflected in Europe’s 55% share of the global market in 2018 [165].




5.3. Major Growth Drivers


Colin Campbell, the co-founder of the London-based Oil Depletion Analysis Center, found with his research work that around 944 billion barrels of oil had been produced in human history, and only 746 billion reserves have not yet been mined [166]. These statistics are alarming, as it is not far from a time when people are utterly dependent on an oil-free world. The depletion of oil reserves is giving the global biopolymer market a vital boost, as companies are forced to innovate, invest and invent.



Biopolymers are widely used in the pharmaceutical industry to heal wounds of any shape, size, or depth. Some common biopolymers, such as chitosan, gelatin, alginate, and pectin are used to produce hydrogels to help create a moist environment for dry wounds. These biopolymers are also utilized in the manufacture of wound dressings. Altogether, these factors serve as the estimated growth driver for the global biopolymer market. The initial expenditure required to create a product is vital in the biopolymer business. Key market participants are attempting to solve this issue by forming a joint venture with an agriculture firm to build a symbiotic connection for the biopolymer’s growth.



Several major market players are active in the biopolymer market, including ASF SE, Danimer Scientific, Novamont SpA, Galatea Bio Tech, Total Corbion, Plantic Technologies Ltd., FMC BioPolymer AS, NatureWorks LLC, Sigma-Aldrich, and Biome Technologies Ltd. Sigma-Aldrich is a Missouri-based biotechnology and polymer manufacturer. They have developed a variety of natural and biopolymers, such as adhesive carbohydrates, proteins, starch, cellulose, gelatin, chitosan, lignin dextran, collagen, and polyamino acids.





6. Conclusions and Future Perspectives


Industrial interest in biopolymer has steadily increased over the decades. The demand for new materials from future manufacturers of biopolymers is overwhelming. However, the material’s cost-effectiveness needs to improve as it is explicitly made available for sustainable development. Bio-based polymers are closer than ever to traditional polymers. Today, with advanced research and development in biotechnology and public awareness, bio-based polymers are commonly found in various applications, from consumer goods to high-tech applications. Food packaging plays an essential role in protecting food from external contamination and maintaining quality, integrity, and safety throughout its shelf life. Materials based on synthetic polymers are used primarily as packaging materials in the food industry due to their ease of manufacture, versatility, affordability, functionality, lightweight, flexibility, and low cost. However, these synthetic polymers are not degradable, and most plastic scraps and debris pollute the environment badly. This requires the development and use of biodegradable polymer materials to solve these environmental problems. Biopolymers or renewable resource-based biopolymers include carboxymethyl cellulose, hemicellulose, pectins, carboxymethyl cellulose, starch, xanthan gum, pullulan, etc. Alginate, guar gum, gum karaya, agar, and gellan, etc., have great potential to replace traditional petroleum-based food packaging materials. The use of biopolymers, such as PLA silk and chitosan are increasingly being explored for medicine applications. The unique properties of biopolymers, such as biocompatibility and biodegradability, offer significant benefits and increase their potential use in implantable medical applications. These new materials are of great importance in medicine, as synthetic materials do not meet the requirements of biological systems. Thus, recent research has demonstrated that using biopolymers in combination with synthetic materials can revolutionize medicine.



Demand for biodegradable polymers is increasing due to environmental concerns about the use of non-renewable materials. Polystyrene and other plastics are some of the most commonly manufactured materials for packaging and other benefits. Such substances cause land and water pollution and have been associated with human and animal health problems in some studies. To solve these problems, scientists, and engineers are enthusiastically innovating to create new biodegradable polymers. They are widely used in various fields and applications, such as packaging, agriculture, and healthcare. The various types of materials used in the development of biodegradable polymers have been researched and tested by scientists and engineers to evaluate their efficacy, safety, and environmental impact. Biodegradable polymers are becoming the standard for plastic packaging that is integrated into society and promotes a healthy and sustainable lifestyle. In fact, it is becoming the next big thing. The biodegradable plastics market is expected to grow to $6.12 billion by 2023, according to the Markets and Markets annual report [167].



Bio-based polymers are currently in the research and development phase to replace existing polymers. Researchers are looking for new materials that can be made to offset the use of petroleum-based polymers. Bio-based polymers are composed of renewable raw materials. Currently, these polymers make up a small portion (less than 1%) of the plastics market. Bio-based polymers are formulated via a bacterial fermentation process that synthesizes monomers from renewable resources from agricultural plants, fatty acids, lignocellulosic biomass, and organic waste. Natural bio-based polymers are inherently found in various proteins (such as collagen) and nucleic acids. The latest breakthrough expected in the plastics industry is to make plastics more biodegradable while maintaining strength and durability that compete with ordinary plastics.
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Figure 1. Classification of biopolymers based upon their origin. 
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Figure 2. A pictorial depiction of several natural renewable biopolymers categorized according to their source. 
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Figure 3. Tryglycerides in vegetable oils are an important source of biopolymers. 
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Figure 4. Three structural units in lignin are (a) 4-hydroxyphenyl unit, (b) guaiacyl unit, and (c) syringyl unit. 
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Table 1. Principal advantages and disadvantages of biopolymers.
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	Biopolymers
	Advantages
	Disadvantages
	Reference





	Natural Biopolymers
	Biologically renewable, biodegradable, biocompatible, non-toxic, bioadhesive material, biofuctional.
	Less stable, low melting point, high surface tension, structurally more complex.
	[2]



	Synthetic Biopolymers
	Biocompatibility, higher reproducibility, better mechanical, and chemical stability
	Toxic, non-biodegradable, expensive synthesis procedure.
	[4]
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Table 2. Main biopolymers with their origins and chemical structures [23].
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	Biopolymers
	Sources
	Structure
	Reference (Ref.)





	Chitin
	Corals, horseshoe worms, lamp shells, sponges, squid, cuttlefish, and clams are examples of aquatic species
	 [image: Polymers 14 00983 i001]
	[24,25]



	Chitosan
	Fungi, mollusks, algae, crustaceans, and insects
	 [image: Polymers 14 00983 i002]
	[24,26]



	Cellulose
	Agricultural trashes, such as Seaweed, rice husk, and sugarcane bagasse. Plant sources like wood, bamboo, sugarbeet, banana rachis, potato

tubers, cotton, fique, kapok, agave, jute, kenaf, flax, hemp, vine, sisal, coconut, grass, wheat, rice, and barley
	 [image: Polymers 14 00983 i003]
	[27]



	Alginate
	Seawood
	 [image: Polymers 14 00983 i004]
	[28]



	Starch
	Potatoes, maize, cassava, rice, sorghum, banana wheat, yams
	 [image: Polymers 14 00983 i005]
	[29]



	Cyclodextrin
	Starch sources like tapioca, potato, wheat, rice, and corn
	 [image: Polymers 14 00983 i006]
	[30]



	Polycaprolactone
	Polycondensation of ε

-caprolactone
	 [image: Polymers 14 00983 i007]
	[31]
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Table 3. Examples of some biopolymers with their medical application.
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	Biopolymer
	Medical Application
	Ref.





	Collagen
	Surface coating for tissue culture plates
	[58]



	
	Simple gels for cell culture
	



	Alginate
	Regenerative medicine
	[59]



	
	Tissue engineering
	



	Hyaluronic acid
	Treatment and lubrication of damaged joints
	[60]



	
	Cutaneous and corneal wound healing
	



	Fibrin
	Blood clotting, wound healing, and tumor growth
	[61]



	
	Hemostatic agent, sealant, and surgical glue
	



	Silk fibroin
	Regenerative medicine

Treatment of wounds,

bioengineering of tissues
	[62]



	Agarose
	Skeletal tissues regeneration,

kidney and fibroblast encapsulation
	[63]



	Carrageenan
	Skeletal tissues regeneration,

cell delivery system
	[64]



	Fibronectin
	Wound healing,

cardiac repair, bone regeneration
	[65]



	PHAs
	Drug delivery systems,

one tissue regeneration,
	[66]



	Elastin
	soft-tissue reconstruction,

orthopedics and cell encapsulation
	[67]



	Keratin
	Cornea tissue engineering,

skin regeneration
	[68]



	Starch
	Bone and cartilage regeneration,

spinal cord injury treatment
	[69]
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Table 5. Properties and applications of microbial polysaccharides.
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	Biopolymers
	Properties
	Applications
	Ref.





	Carboxymethyl-

cellulose
	Coating,

Emulsifying agent
	Confectionary

Salad dressing
	[117]

[118]



	Hemicellulose
	Binding agent
	Pet foods
	[119]



	Pectins
	Adhesive
	Icings and glazes
	[120]



	Starch
	Stabilizer
	Ice cream, salad dressing
	[121]



	Xanthan gum
	Foam stabilizer
	Beer
	[122]



	Pullulan
	Film formation
	Protective coating
	[123]



	Alginate
	Gelling agent
	Confectionary milk-based desserts, jellies
	[124]



	Guar gum
	Thickening agent
	Jams, syrups, and pie fillings
	[125]



	Gum karaya
	Syneresis inhibitor
	Frozen foods, cheeses
	[126]



	Agar
	Swelling agent
	Processed meat products
	[127]



	Gellan
	Inhibitor
	Frozen foods, sugar syrups
	[128]
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Table 6. Guar Gum’s Various Applications in the Food Industry.
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	Properties
	Applications
	Ref.





	Improving Textures
	Stabilizer, thickener, gluten-free noodles, emulsifier, reducing oil uptake during fry
	[150]



	Beverage Industry
	Thickener, stabilizer, dietary fiber
	[151]



	Dairy Products
	Viscosifier, improving texture and mouthfeel, foam stabilization, preventing ice crystal growth in ice creams
	[152]



	Meat Products
	Edible films, fat replacer, thickener
	[153]



	Soluble type of dietary

fiber
	Prebiotic, reducing blood, sugar, and cholesterol, treating constipation and diarrhea
	[154]



	Bakery industry
	Frozen dough improvement, gluten-free products, texture, and physical property improvement
	[155]



	Others
	Biodegradable films, flavor encapsulation
	[156]
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  polymers-14-00983


  
    		
      polymers-14-00983
    


  




  





media/file8.jpg
“©

“ )






media/file11.png





media/file6.jpg
& meadowfoam

jojoba sunflower

Triglycerides

safflower






media/file16.png





media/file13.png





media/file7.png
meadowfoam

jojoba

Triglycerides

safflower rapeseed






media/file9.png





media/file10.png





media/file5.png
PROTEIN
- Gelatin
-Collagen

-Wheat gluten

MICRO ORGANISM

-Polyhydro
all!an):)ate:y

-Polyhydroxy
butyrate





media/file15.png
i





media/file12.png





media/file3.png
Biopolymers

|
Natural

Biopolymers

Cellulose
Starch
Gelatin

,_l
Synthetic

Biopolymers

Polylactic acid
Polycaprolactone
Polyvinyl alcohol

Based on repeating
units

Protein

Nucleic Acid
Keratin






media/file0.png





media/file14.png





media/file4.jpg





media/file2.jpg
Biopolymers

RNl Syn',;edc
Biopolymers —
Clilulose
Starch v
Gelatin Polylactic acid
Polycaprolactone

Polyvinyl alcohol

Based on repeating
units

M
Protein

Nucleic Acid
Keratin





