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Abstract

:

The grave environmental, social, and economic concerns over the unprecedented exploitation of non-renewable energy resources have drawn the attention of policy makers and research organizations towards the sustainable use of agro-industrial food and crop wastes. Enzymes are versatile biocatalysts with immense potential to transform the food industry and lignocellulosic biorefineries. Microbial enzymes offer cleaner and greener solutions to produce fine chemicals and compounds. The production of industrially important enzymes from abundantly present agro-industrial food waste offers economic solutions for the commercial production of value-added chemicals. The recent developments in biocatalytic systems are designed to either increase the catalytic capability of the commercial enzymes or create new enzymes with distinctive properties. The limitations of low catalytic efficiency and enzyme denaturation in ambient conditions can be mitigated by employing diverse and inexpensive immobilization carriers, such as agro-food based materials, biopolymers, and nanomaterials. Moreover, revolutionary protein engineering tools help in designing and constructing tailored enzymes with improved substrate specificity, catalytic activity, stability, and reaction product inhibition. This review discusses the recent developments in the production of essential industrial enzymes from agro-industrial food trash and the application of low-cost immobilization and enzyme engineering approaches for sustainable development.
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1. Introduction


As global concern over food and agricultural sustainability, environmental resilience, and food safety has grown over the years, the food industry has been exploring more environmentally friendly ways to produce food and nutritional supplements. Enzyme biocatalysis, which operates at the nexus of microbiology, molecular biology, biochemistry, and organic chemistry is an illustration of a sustainable multidisciplinary technology. Biocatalysis has gained enormous industrial potential owing to its influential and eco-friendly prospects with effective kinetics and commercial benefits [1]. Enzymes are macromolecular biocatalysts with extensive applications due to their ability to operate in milder reaction conditions, high catalytic efficiency, superior product selectivity, and their negligible toxicity to the environment and the body [2,3]. They have been the subject of numerous research projects around the world in order to generate novel significant industrial processes. A variety of microbial species (bacteria, fungi) have been traditionally employed in the production of diverse products of commercial importance from different organic substrates converting them into simpler forms through enzymes [4]. Many microbes that are typically utilized as a source of enzymes have had their microbial endogenous and exogenous enzymes thoroughly researched [5]. A significant portion of microbial enzymes are utilized in a variety of industrial processes, including those for food processing, animal feed, biofuels, paper and pulp industries, pharmaceutical industries, textiles, polymer synthesis, and detergent industries [6]. Enzymes such as cellulases, xylanases, amylases, lipases, proteases, and pectinases have been commercially utilized in a wide range of industrial processes, especially in the food industry.



In recent times, the idea of ‘circular economy’, which refers to the use of organic waste from one industry as a source of raw materials for another, has gained much popularity [7]. It is based on the principle of sustainable development known as the ‘5Rs’ (reduce, recycle, reuse, recovery, and restore) and replaces the traditional linear economic model (make–use–throw) with a more efficient circular one [8]. The food and agro-industrial sectors have been revolutionized owing to modernization and industrialization, which has dramatically increased the production of huge amounts of agro-industrial food waste [9]. The United Nations’ Food and Agriculture Organization (FAO) estimates that every year, about 1.3 billion tons of food, which is one-third of global production, is wasted [10]. In addition to the food waste, various agro-industrial residues and crop waste in the form of lignocellulosic biomass (LCB) is generated annually around the globe [11,12,13,14,15,16]. Most of this plant-based waste is either landfilled or burned alongside other municipal combustible trash in an effort to recover energy [17]. Apparently, this organic refuse, which is a rich source of carbohydrates, proteins, lipids, organic acids, and other necessary minerals, can be channelized towards its value addition [9,18]. It could serve as an inexpensive fermentation source for microbes in the food industries, which digest it via enzymes into key components of circular economies. The industrial applications of enzymes have significantly risen in the last decade, primarily in the food modification, biofuels production, biomedical and pharmaceutical research, and the transformation of agro-industrial waste [18,19,20].



Even though enzymes offer many more benefits over traditional chemical catalysts to valorize organic waste, a major bottleneck in their commercial viability is their non-reusability, high sensitivity, and poor catalytic activity and stability in extreme environmental conditions of temperature and pH [18]. These challenges therefore need to be critically removed through the development of stable biocatalytic systems. Enzyme immobilization has received significant attention in the past few years as an important engineering approach to customize and enhance a wide range of catalytic features of enzymes, including their activity, specificity, selectivity, and tolerance to inhibitors [12,19]. The development of flexible carriers, including agro-food and crop-based materials, metal organic frameworks, and nanomaterials, allows for the cost-economic immobilization of enzymes with better enzymological properties, enabling catalytic reactions to be carried out under rigorous processing environments [21].



The production of engineered enzymes by promising protein engineering tools such as directed evolution, rational design, and computational methods, aids in improving the enzymological properties with increased purity, catalytic efficiency, specificity, and expression yield, owing to the altered amino acid sequence [22]. The application of tailored enzymes for food processing enables their cost-effective production to achieve sustainable development. Figure 1 shows schematic representation of enhancing the value of enzymes by immobilization and protein engineering approaches through valorization of agro-industrial food/crop waste.



This review encompasses the valorization possibilities of agro-industrial food waste through microbial enzymes. The review also highlights the novel strategies for food enzyme immobilization and their potential applications in the food industry. Moreover, the deeper insights on development of engineered enzymes for sustainable and green processing of the waste biomass into diverse bioproducts are highlighted.




2. Types of Agro-Industrial Food Waste


The ever-increasing world population and the rapid urbanization and lifestyle changes have overburdened the food processing industries that generate abundant amounts of plant, animal, and agricultural residue wastes. The massive build-up of such natural food waste is a big challenge for mankind due to the lack of efficient waste management techniques. Commonly, within the food supply chain, food which is abandoned, unused, thrown out, and burnt from the harvest source or slaughter source is referred to as food loss. Most of the food waste is generated during its production, harvesting, transportation, industrial processing, and consumption [7]. The different types of organic wastes are majorly derived as agricultural wastes or those from the food processing industries. The agricultural waste can be majorly categorized as crop residues after harvesting, agro-industrial wastes, and fruit and vegetable waste [4,23], whereas the food processing industries generate enormous amounts of waste from cereals and pulses, fruits and vegetables, dairy, poultry, meat, egg waste, aquatic life waste, and seafood waste during their processing. Moreover, commercial and household kitchen waste also adds to the overall concerns of waste management [24]. Therefore, the apprehensions of deteriorating environment and waste management can be better overcome by transforming the agro-food waste into a substrate for enzyme production, besides a raw material for generation of diverse bioproducts such as biofuels, xylitol, xylooligosaccharides, bioplastics, organic acids, etc. (Figure 2). Emphasis must be laid on implementing modern technologies as well as alternative strategies for the effective and successful use of non-consumable portions from the agro-food wastes leading to proper waste management and sustainable development.



2.1. Food Processing Waste


Different food processing and packaging industries produce tons of food items to meet the constant demands of the food market. However, the side generation of unprocessed food, leftover materials, spoilage, or contamination of raw food materials is an unavoidable practice in the food industries. The food waste is subcategorized majorly as starch-based food waste, dairy waste, meat and fish waste, vegetable trimmings, fruit peels, spent grains, and pulp trash. Traditionally, the leftover food from the food processing industries is dumped, incinerated, landfilled, composted, or anaerobically digested to enrich the soil. These food wastes, however, are extremely nutritious, which makes them substrates for microbial growth and production of diverse enzymes [25]. Moreover, these wastes can be used as inexpensive raw materials for the production of primary and secondary metabolites using microorganisms, with commercial value.



2.1.1. Fruit and Vegetable Waste


Fruit and vegetable waste (FVW) is produced in the food processing industries as a result of cutting, thermal treatment, handling, processing, packaging, transportation, and natural ripening [26]. Additionally, wastes are generated by microbial attack, discoloration, and by a number of biochemical reactions involving enzymes, antioxidants, phenolic chemicals, and oxidation [4]. The landfilling and incineration of food waste is a common practice preferred by industries, despite being unaffordable due to emissions of greenhouse gases and high capital and operating costs [17]. The anaerobic digestion of FVW into biofertilizers is an alternate option that might indirectly minimize environmental pollution and further increase soil nutrition. In many developing nations, FVW consisting of pineapple, papaya, banana leaves, orange peels, spinach, sugarcane tops, cabbage, etc., are converted into animal feed to address the current animal feed scarcity [8,9,27].




2.1.2. Edible Oil Waste


Cooking or edible oil waste is produced by the edible oil industries throughout a number of processing phases, including neutralization, degumming, deodorization, bleaching, and hydrolytic/oxidative rancidity. The hydrolytic rancidity of the waste cooking oil results from lipid oxidation, moisture, age, oxidation, and addition of effluents from industry rich in carbohydrates, fatty acids, and proteins [28]. Waste cooking oil is a left over, dark colored liquid formed by repeated deep-frying processes, which is unfit for human consumption because of its free short-chain fatty acids, aldehydes, ketones, mono/di-glycerides, aromatic compounds, polymers, and many other properties [26]. Edible oil industrial waste is a cheap substrate for microbial lipid production that can be produced by its co-fermentation with food waste [29].




2.1.3. Kitchen Waste


With a rapid increase in population, urbanization, and economic development over the years, an abundant amount of kitchen waste (KW) is generated every day from households, restaurants, public catering rooms, and hotels. KW includes cooked food wastes, leftover fruits and vegetables, meat, shells and pits, egg shells, used oil, and grease [26]. It is typically thought of as organic waste that decomposes quickly and has unpleasant aromas that attract insects and rodents. KW residues are rich in carbohydrates, proteins, lipids, lignin, organic acids, inorganic salts, and other bioactive substances and can therefore be attractive substrates for enzyme production by microorganisms [30]. Humidified bread waste was used as a low-cost substrate for the coproduction of α-amylase and protease through solid state fermentation (SSF) by Rhizopus oryzae [31]. The utilization of KW with the goal of producing value-added goods by enzymatic reactions has the potential to improve the food supply chain and, therefore, food security.




2.1.4. Poultry, Slaughterhouse and Egg Processing Waste


A significant amount of waste is generated from the poultry, egg, meat, and related food processing industries, in addition to solid/liquid waste from slaughterhouses. A considerable amount of chicken feather waste is produced by the poultry industry, which could be an excellent source of protein (∼90% keratin) for various industrial applications [32]. Bacteria such as Bacillus sp. FPF-1, Brevibacillus sp., Chryseobacterium sp. FPF-8, and Nnolim-K2 were isolated as showing an excellent keratinase-producing ability employing chicken feathers as the substrate [33]. The waste from slaughterhouses includes skin, hairs, feathers, hooves, horns, deboning residues, and other materials that have a high level of organic matter, protein, and animal fat [4,34]. Slaughterhouse waste might pose major health and environmental risks if left untreated, which can instead be easily applied as a raw material in the production of a variety of commercial materials.





2.2. Agricultural Waste


Agricultural waste (AW) is produced in millions of tons annually and its improper management and disposal pose negative effects on the environment, including damaging the ecosystem. Therefore, transformation of AW into valuable products using economical, environmentally friendly, and sustainable methods has been the persistent objective of governments, environmentalists, and other stakeholders. AW, when properly managed and utilized, has the potential to be a significant contributor to ecological sustainability and energy security. Generally, AW in the form of bagasse, bran, husks, peels, leaves, seeds, stems, stalks, etc. (Figure 3) are utilized as soil improvers, fertilizers, animal fodder, and in various other processes [4,23]. Agro-waste as lignocellulosic biomass (LCB) is majorly constituted by cellulose backbone, with hemicellulose and lignin as other vital carbonaceous fractions [13]. These polymers from the LCB have been researched as potential substrates for lignocellulosic biorefineries for the production of second-generation biofuels and other valuable materials [35,36,37,38,39]. The enzymatic saccharification of complex polysaccharides into simple fermentable sugars using cellulolytic enzymes like cellulases and xylanases is an inevitable step in the systematic conversion of LCB into biofuels [37,38]. Solid-state fermentation (SSF) is also an attractive method for the exploitation of agricultural residues for production of a consortium of industrial enzymes.





3. Production of Microbial Enzymes from Agro-Food Wastes


Traditionally, the microbial enzymes have been of much importance in food preparation techniques. The state-of-the-art developments in enzyme technology over the last few years have led to the creation of novel enzymes with a broad range of applications in several industries. These industries are majorly associated with biofuel production, food modification, agro-industrial waste transformation, laundry, and pharmaceutical and biomedical research [18]. Microorganisms including fungi, yeast, and bacteria, as well as their enzymes, are frequently utilized in a variety of food preparations to enhance flavor and texture, and they also provide enormous economic advantages to various enterprises [40]. The majority of the world’s enzyme application is categorized into two categories as special enzymes used in research, therapeutics and diagnostics, and industrial enzymes for food and animal feed industries. The market for these enzymes is estimated to reach at about $7 billion USD by the year 2023 and is expected to increase at a 7.1% compound annual growth rate from 2020 to 2027 [41,42]. The valorization of agro-industrial food wastes by the production of low-cost enzymes under solid-state fermentation is a promising and extensively explored method [17]. Different sets of enzymes such as amylases, proteases, lipases, laccases, cellulases, xylanases, and pectinases, among other enzymes, have been produced by SSF using inexpensive food wastes. SSF offers a number of benefits, including lower cost, higher yield, less waste, and simpler equipment and culture media derived from organic, solid agricultural products or waste.



3.1. Amylases


Amylases are one of the most important industrial enzymes divided into two major subclasses, i.e., α-amylase (EC 3.2.1.1) and glucoamylase (EC 3.2.1.3). α-amylase cleaves 1,4-α-D-glucosidic linkages in starch to convert it into maltose, glucose, and maltotriose, whereas glucoamylase specifically converts amylose and amylopectin’s non-reducing ends to glucose [43]. A-amylases, however, have been widely explored and applied in food, clinical, brewing, detergent, textiles, and paper industries [17,44]. Additionally, they have also been widely explored for the valorization of agro-industrial residues and organic by-products to improve the generation of bioproducts. Different microbial strains may produce high activity amylases under optimized fermentation conditions using agro-food wastes, such as kitchen waste, potato peels, watermelon rinds, and crop residues such as rice husks [45] and corn cobs, coffee waste, and tomato pomace. Iqbalsyah et al. [45] investigated the production of amylase using rice husk substrate via solid-state fermentation by Geobacillus sp. with maximum amylase activity of 1.85 U/g at 48 h. Mojumdar and Deka [43] produced α-amylase by Bacillus amyloliquefaciens in SSF using rice bran, wheat bran, and potato peels as common agro-industrial feedstocks. The medium containing wheat bran as a substrate yielded the highest titer of amylase activity (112 U/mL), which was followed by that of potato peels (89 U/mL) and rice bran (77 U/mL). A response surface methodology was used for high α-amylase production (880 U/g) by Trichoderma virens under optimized conditions using watermelon rinds waste biomass [44]. These findings suggest that agro-industrial crop and food wastes can be used as inexpensive raw materials for industrial amylase production, replacing the cost-intensive synthetic media.




3.2. Proteases


Proteases are amongst the most significant commercial enzymes with wide applications in food, dairy, detergent, pharmaceutical, and leather industries. Some bacterial strains of the genus Bacillus and many fungal strains, including Rhizopus, Aspergillus, Penicillium, etc. have been reported to be the most active protease producers [46,47]. The alkaline protease enzyme covers about 65% of the global enzyme market that can proficiently convert proteins to biopeptides [48]. A thermophilic fungi, Mycothermus thermophilus, from hydrothermal springs was used for protease production under SSF using wheat bran with an improved enzyme production (1187.03 U/mL) under optimal conditions [49]. Similarly, microbial protease was produced from a newly isolated Neurospora crassa under SSF which used soybean okara waste as the substrate under optimal fermentation conditions [50]. A high protease activity of 1959.82 U/g was achieved with optimal activity at pH 9 and 55 °C and preferably hydrolyzed casein protein. Camargo et al. [51] used processed orange and grape wastes for determining their bromatological characteristics and production of proteases from them employing Aspergillus niger CBMAI 2084. The mixed grape wastes showed specific protease activity of 174.94 U/mg, whereas a protease activity of 16 U/g·min−1 was observed in fermented orange waste.



Additionally, the microbial proteases produced from agro-food wastes can be exploited for various biorefining applications in addition to their potential usage in numerous food applications. Rawoof et al. [52] evaluated the effect of Lactobacillus manihotivorans lactic acid production from food waste by simultaneous saccharification and fermentation with high substrate utilization and less processing time. The Lactobacillus sp. produced appreciable protease and α-glucosidase enzymes during the hydrolysis of complex molecules in the food waste. The valorization of food waste biomass and in situ enzyme production in such a biorefining strategy could significantly decrease the operating costs of the bioprocess as compared to current industrial practices that use expensive substrates.




3.3. Lipases


Lipases, also called triacylglycerol hydrolases (EC 3.1.1.3), are vital enzymes used in numerous industrial food processes [53,54]. These enzymes are involved in various biochemical reactions that improve product quality, durability, and solubility, and provide superior organoleptic features [55]. Lipases primarily hydrolyze triglycerides to obtain free fatty acids, glycerol, monoacylglycerols, and diacylglycerols [56]. Alternatively, they catalyze the synthesis of new products via aminolysis, alcoholysis, acidolysis, esterification, and transesterification methods [17]. Lipases can be simply produced from lignocellulosic feedstocks and waste from other sources by using various microorganisms. The majority of the previous research studies have concentrated on the production of extracellular lipase with high activity by a range of microbial strains, including fungi, yeast, and bacteria, employing both SSF and submerged fermentation (SmF) [57]. Putri et al. [57] performed lipase production from Aspergillus niger under optimized conditions by SSF of rice bran and Jatropha seed cake. The results exhibited the yield of a very dry lipase extract (282 U/mL enzyme) using 1% NaCl and 0.5% Tween 80 as the best extractants. Similarly, Pereira et al. [56], using industrially processed mango peel and seed waste, evaluated the lipase production using Yarrowia lipolytica by SmF. A lipase production as high as 3500 U/L of extracellular lipase was achieved under optimum conditions of temperature (27.9 °C), pH (5.0), and substrate concentrations.



Lipases can be easily produced using microorganisms under SSF by employing lignocellulosic residues as cheap feedstocks. A recent study investigated the production of lipase through Penicillium roqueforti growth via SSF using cocoa bran residues [53]. A maximum lipase activity of 33.33  ±  3.33 U/g was achieved using palm oil (30%) after 72 h of fermentation with the fungus. Likewise, in a promising experiment, P. roqueforti was used to optimize lipase production (48 U/g) employing inexpensive cocoa shell waste biomass applying an artificial neural system combined with a genetic algorithm system [54].




3.4. Lignocellulolytic Enzymes


Lignocellulolytic enzymes such as cellulases, xylanases, lignin peroxidases, laccases, etc. have received much attention in the past decade for use in the lignocellulosic biorefineries for the production of biofuels and other green organic solvents [13,14,36,58]. These enzymes have the capacity to break the complex linkages between polysaccharides (cellulose, hemicellulose) and lignin and convert them into simpler forms [35,39,59]. Due to their ability to assist in the disruption of the lignocellulose structure by degrading cellulose’s β-1,4 linkages, these enzymes can improve the nutritional value of feed items with a high fiber content.



3.4.1. Cellulases and Xylanases


Cellulases are the most important class of lignocellulolytic enzymes comprising exoglucanase (E.C. 3.2.1.176), endoglucanase (E.C. 3.2.1.4), and β-glucosidases (E.C. 3.2.1.21) [24,25]. These enzymes are essential for the hydrolysis of plant biomass as they cause complete cellulose hydrolysis by their consecutive actions to form a glucose monomer for bioethanol production [60]. Additionally, cellulases have been widely applied in brewing, bread, detergents, textiles, pulp, and paper industries. Numerous bacterial and fungal species have been reported to produce cellulases using cellulose rich agro-industrial food wastes. Srivastava et al. [61], reported improved cellulase production by a novel fungus, Cladosporium cladosporioides NS2, under SSF employing sugarcane bagasse. The fungal isolate exhibited enhanced cellulase production with maximum filter paper cellulase (16.9 IU/gds), endoglucanase (150 IU/gds), and β-glucosidase (200 IU/gds) activity. In another study, Leite et al. [62] carried out the simultaneous production of cellulase and xylanases from different fungal strains using brewer’s spent grain as cheap agro-industrial waste. Aspergillus niger was the best producer of the β-glucosidase enzyme with 94  ± 4 U/g activity, while A. ibericus achieved maximum cellulase and xylanase activities of 51–62 U cellulase/g and 300 to 313 U xylanase/g, respectively.



In the last few years, the research on xylanases has risen to the forefront due to their wide range of potential applications in numerous industries, including dairy, food, bakery, feed, paper and pulp, and lignocellulosic biorefineries [24,36]. The microbial xylanases are favored among the different sources of xylanolytic enzymes because they may possess desirable processing features and may be produced in large quantities efficiently and economically. Recently, Intasit and co-workers [63] produced a fungal xylanase from lignocellulosic palm wastes by combining SSF and SmF using Aspergillus tubingensis TSIP9 in a bioreactor. The combinatorial SSF–SmF endorsed higher xylanase production with high purification (7.4-fold), activity, and stability at different pH (3–8) and temperatures (30–60 °C). Singh et al. [64] conducted a study to explore rice straw, wheat straw, sugarcane bagasse, sawdust, cotton stalk, and rice husk waste as carbon sources for improved xylanase and cellulase production by Aspergillus flavus under SSF. Rice straw was determined to be the best waste biomass for use as a carbon source for the production of enzymes with maximum xylanase 180 IU/gds, CMCase 235 IU/gds, FPase (12.5 IU/gds) and β-glucosidase 190 IU/gds, activities under optimum conditions. These studies demonstrated that strain microbial strains can potentially be used for cellulase and xylanase production that provides an economical method to produce high-value enzymes using agro-food wastes by SSF and SmF techniques.




3.4.2. Lignin Degrading Enzymes


Lignin is an abundantly present complex aromatic heteropolymer, which is one of the three major components of lignocellulosic biomass [16]. The lignification process is achieved through polymer–polymer coupling reactions by free radicals formed by oxidases or by the cross-linking of lignin monomers [65]. However, lignin degradation and depolymerization is necessary in many aspects for effective biomass valorization into bioproducts and carbon recycling. The agro-food waste is majorly represented as lignocellulosic biomass that acts as an ideal substrate for the action of microbes and the production of lignolytic enzymes in the food industry. Lignin peroxidases, laccases, and manganese peroxidases have been considered as suitable biological catalysts for lignin depolymerization and degradation into lignin monomers.



In a recent study, two thermotolerant lignin-degrading Bacillus sp. LD2 and Aneurinibacillus sp. LD3 exhibited an improved lignin degradation rate (61.28%) with high ligninolytic enzyme activities. The lignin degrading enzymes, such as laccase, manganese peroxidase, and lignin peroxidase from these bacteria possessed maximum activities of 1484.5, 1770.75, 3117.25, and U L−1, respectively [66]. Bagewadi et al. [67] used rice straw, corn cobs, sugarcane bagasse, wheat bran, and groundnut shells as potential substrates for laccase production under SSF using Trichoderma harzianum. The results revealed wheat bran to be suitable feedstock for maximum laccase production (510 U/g) with an 8.09-fold increase under optimized conditions. It is pertinent to note here that the high-cost commercial enzyme production systems have limited their wide scale applications in the lignocellulosic biorefineries. Therefore, the development of indigenous enzyme production processes using agro-food wastes as the inexpensive raw materials may help in bringing down the overall costs of production of second-generation biofuels and platform biochemicals.





3.5. Pectinolytic Enzymes


The pectinolytic enzymes have been widely explored in the food industry that catalyze the fragmentation of pectin-containing biomaterials forming an integral component of plant cell walls [68]. Pectin disintegration requires a set of pectinolytic enzymes including exo- and endo-polygalacturonases, and pectate- and pectin lyases [17]. Pectinases find applications in wine and fruit juice making to clarify the final product and eliminate turbidity. By using de-esterification and depolymerization reactions, the pectinases break down complex pectins in a sequential and synergistic fashion [69,70]. Most of the microorganisms can produce pectinase enzymes, however, fungi are favored for commercial applications since more than 90% of the enzyme produced is secreted into the culture medium by fungi.



Among different fungal species, Penicillium, Aspergillus niger, Trichoderma viride, and Rhizopus offer many advantages as pectinase producers since they are designated as Generally Regarded as Safe (GRAS) strains and produce extracellular bioproducts that may be readily recovered from the fermented medium [68]. Núñez Pérez et al. [69] isolated a wild strain of Aspergillus sp. To produce pectinases from pectin-rich dehydrated coffee pulp and husk under SSF with 29.9 IU/g of enzyme activity. Sethi et al. [70] reported the use of natural substrates, such as neem oil cake, mustard oil cake, groundnut oil cake, green gram peels, black gram peels, chickling vetch peels, pearl millet residues, broken rice, wheat bran, finger millet waste, apple pomace, banana peels, and orange peels for pectinase biosynthesis from Aspergillus terreus NCFT4269. The results displayed that a maximum pectinase activity of 6500 ± 1116.21 U/g was achieved under SSF, while the liquid static surface fermentation gave the enzymatic activity of 400 ± 21.45 U/mL under optimized conditions. Future research studies on pectinolytic enzymes should be focused on determining the molecular processes that control enzyme secretion in addition to modes of action of diverse pectinolytic enzymes on agro-food pectic substrates. It would offer a strong platform for controlling microorganisms to produce large amounts of effective and affordable enzyme systems.





4. Low-Cost Enzyme Immobilization Strategies


The bioconversion of agro-industrial food and crop waste into valuable fuels and bioproducts often depends on the cost of the method, equipment, and infrastructure, as well as the market value of the finished products. Enzymes offer an array of advantages in the valorization of abundantly generated agro-food wastes [19,21,41,42,69]. They perform biochemical catalytic reactions with exceptional specificity and decent stereo-selectivity, and, under very mild reaction conditions, enable the development of more environmentally friendly, green, and sustainable biochemical processes [21]. The operating range of enzymes is, however, rather constrained, and enzymes originating from natural sources are particularly effective only under their optimal conditions [18]. Moreover, a lack of maintenance of their stability, catalytic activity, and recovery under variable industrial bioprocessing conditions of pH, temperature, water activity, and solvent properties is a major hurdle [71]. Therefore, the development of steady biocatalytic systems involving enzymes is crucial for expanding their commercial applications. In the last few years, enzyme immobilization has received significant attention as an important bio-engineering approach to customize and enhance a wide range of enzyme catalytic characteristics, including activity, physicochemical stability, specificity, selectivity, and tolerance of inhibitors [12,72,73]. The overall cost of the enzymatic production process can be reduced by immobilizing the industrially significant enzyme support matrixes [74]. To create reusable, long-standing, and stable immobilized biocatalytic systems, the choice of the supporting matrix and the immobilization technique is essential [4]. A number of emerging support materials have been recently used for enzyme immobilization, such as magnetic nanoparticles, graphene oxide, polyurethane foam, or chitosan [75]. The inexpensive immobilization matrixes possess several advantageous properties that help in developing highly efficient biocatalysts (Figure 4).



These support materials can be used to immobilize and entrap the enzymes through different techniques, such as adsorption, crosslinking, covalent binding, and entrapment [21,75,76,77,78,79]. Table 1 shows the list of promising enzyme immobilization supports with major results and applications.



4.1. Agro-Food Wastes for Enzyme Immobilization


The exploitation of agricultural residues and food wastes as novel immobilization or supporting matrices for enzymes offers economic solutions for industrial bioprocess, in addition to solving the issues of environment pollution and waste disposal. Undeniably, agro-industrial food and crop wastes contain a variety of characteristics with intriguing potential applications, including high surface area, high porosity, and the presence of several chemical groups, such as amino, carboxyl, hydroxyl, phosphate, and thiol groups [95]. Otari et al. [73] reported a one-step novel and robust method of lipase immobilization on magnetic rice straw using Fe2O3 nanoparticles. The results exhibited high lipase immobilization efficiency of 94.3% with 91.3 mg·g−1 of enzyme loading, increased enzymatic stability by 8-fold at a high temperature (70 °C), and reusability. Lira et al. [77] used rice husk, sugarcane bagasse, babassu mesocarp, corn cobs, coffee grounds, and coconut bark residual biomasses as supports for lipase immobilization extracted from Thermomyces lanuginosus. The results showed an immobilization efficiency of more than 98% with high hydrolytic activity of 4.608 U/g using rice husks as immobilization supports. The activation of agro-industrial food wastes as supports/carriers for enzyme immobilization with low-cost materials postures an upper hand for researchers with its constant availability and environment friendliness. Recently, the stability of Candida rugosa lipase was enhanced by its covalent immobilization by glutaraldehyde-activated agricultural wastes. Rice husk support provided the highest stability to the enzyme with the highest retention of initial activity (94.1%), followed by sugarcane bagasse (90.3%) and coconut fiber carrier (89.3%) [81].



Lignocellulolytic enzymes have also been immobilized using agro-food based biomasses as support materials. In a previous study [85], the ligninolytic enzyme-laccase was immobilized on the surface of rice straw biochar for anthracene biodegradation. The laccase exhibited an effective immobilization yield of 66% with high stability up to six cycles and retention of 40% of initial activity. Similarly, Ghosh and Ghosh [82] successfully immobilized purified laccase from Aspergillus flavus PUF5 on coconut fiber while retaining 80% of its initial activity after using it for six repeated cycles. These findings support the notion that agro-industrial crop and food waste biomass can produce stable and robust biocatalysts containing immobilized industrially important enzymes with better results than commercial preparations.




4.2. Magnetic Nanoparticles for Enzyme Immobilization


The development of strong enzymatic systems with high stability and catalysis at several extremities is required for commercial applications. Magnetic nanoparticles are regarded as potential support materials when compared to conventional immobilization carriers because of their high surface area, small size, and large surface to volume ratio [74,75]. The nanostructural support materials have huge potential to develop nano-biocatalyst systems involving enzymes displaying high catalytic properties in both aqueous and non-aqueous environments [96]. Suo et al. [91] immobilized lipase on ionic liquid-modified magnetic carboxymethyl cellulose nanoparticles that exhibited strong specific activity, which was 1.43 fold higher than that of the free lipase enzyme. In similar research, Yang et al. [92] achieved high storage stability (82.5%) and recycling rate (53.6%), and better stability and durability of lipase enzymes immobilized by magnetic dialdehyde starch nanoparticles. Moreover, the immobilized lipase displayed better enzymatic properties and improved acid-base tolerance and thermal stability as compared to the free enzyme.



In another research study, Desai et al. [93] prepared graphene oxide–magnetite nanoparticles for amylase immobilization through covalent bonding, which increased the half-life of the immobilized enzyme (20 h) as compared to the free enzyme (13 h). The immobilized amylase also demonstrated high reusability up to eleven subsequent cycles during the production of high maltose containing syrup. The co-immobilization strategy by nanoparticle composites involving two or more enzymes have also been attempted. Nadar and Rathod [88] simultaneously co-immobilized pectinase and cellulase enzymes onto amino functionalized magnetic nanoparticles for antioxidants extraction from waste fruit peel residues. When compared to free form, the magnetic nano-biocatalyst demonstrated a two-fold improved half-life in the temperature range of 50–70 °C and retained up to 80% of residual enzyme activity even after ten repeated cycles. Immobilized laccase on Fe3O4 magnetic nanoparticles was employed in a novel detoxifying method to enhance Rhodotorula glutinis lipid synthesis from rice straw hydrolysate [96]. The immobilized laccase presented better stability, retaining 56% of its original activity at pH 2 and 76% at 70 °C compared with the free laccase. These findings suggest that enzyme immobilization on magnetic nanoparticles has immense potential to valorize the agro-food waste hydrolysate for improving the production of valuable bioproducts.




4.3. Biopolymers for Enzyme Immobilization


Biopolymers are quite valuable among supports for enzyme immobilization because of their ‘green’ properties, such as biocompatibility, biodegradability, bio-functionality, and bio-stability [74]. Additionally, biopolymers offer a wide range of chemical and structural properties, need low temperatures during synthesis, and are readily available [97]. Chitin and chitosan are remarkable immobilization carriers of interest among the support materials explored for immobilizing enzymes. A study was conducted on immobilization of pectinase onto chitosan magnetic nanoparticles using dextran polyaldehyde as a macromolecular cross-linking agent [78]. The immobilized pectinase showed high reusability and permanence retaining 85% and 89% of its original activity after seven cycles and fifteen days of storage, respectively. Recent reports suggest the use of new immobilized food enzymes in food applications. In a novel and sustainable method, a fluidized bed reactor with immobilized propyl endopeptidase protease enzyme from Aspergillus niger on food-grade chitosan beads was used to continuously generate high-quality, gluten-free beer from barley malt [98].



The use of hydrogel matrices, such as alginate, for enzyme immobilization is quite popular because they are environmentally benign enzyme carriers with excellent gel porosity and biocompatibility. Recently, Abdel-Mageed et al. [79] synthesized an alginate-gelatin hydrogel matrix as immobilization support for lipase from Mucor racemosus (Lip). The immobilized biocatalyst exhibited improved thermal stability while retaining 96% of its activity after four cycles and 90% of its original activity at 4 °C stored for 60 days. Likewise, Aspergillus aculeatus pectinase immobilized on alginate beads ensured satisfactory thermostability of the enzyme with low values of activation entropy for juice processing [94]. A recent study focused on the use of co-immobilized pectinase, amylase, and cellulase using different immobilization matrices, such as chitosan, silica gel, and sodium-alginate for fruit juice clarification. The highest activity for amylase (90.9 ± 4.3 U/g carrier), pectinase (85.7 ± 4.0 U/g carrier), and cellulase (23.2 ± 1.1 U/g carrier) was observed when they were co-immobilized onto silica gel with immobilization efficiency of 67.9%, 53.6%, and 72.9%, respectively [99]. These research developments suggest the potential of these biopolymers in enzyme immobilization processes in paving the way for wide scale applications of enzymes in food analysis, food bioprocessing, and food control, among other areas.





5. Enzyme Engineering Approaches


Though enzymes catalyze a wide variety of biochemical reactions, yet they are not suited for many essential catalytic bioprocesses or other industrially relevant substrates that are beyond their natural cellular micro-environments. The desired attributes of diverse industries can be satisfied by using tailored enzymes in novel, cutting-edge enzyme engineering and stabilization techniques, opening up new opportunities for their use in biocatalysis. In the present scenario, the high value of protein engineering has been well recognized in industrial-level biotransformation [100]. Protein engineering, with assistance from molecular approaches or directed evolution, rational design, or computational methods, enables the accelerated designing of biocatalysts that are ideal for any desired bioprocess with commercial applications [101]. Figure 5 explains the different strategies of enzyme engineering for improved biocatalysts.



The enzymatic diversity created by these methods through the application of semi-rational designs based on artificial intelligence, protein structure, and sequence information yields superior specificity and functionality of industrial enzymes. Different approaches for the enzyme engineering are presented in Table 2.



5.1. Directed Evolution


The enzyme biocatalysts must exhibit superior productivity and selectivity with minimal catalyst loadings at high substrate concentrations, which can be accomplished by creating mutant enzyme libraries and using directed evolution. Directed evolution (DE) is a potent method for producing efficient enzyme catalysts that can carry out a variety of biocatalytic tasks without in-depth knowledge of structure–function correlations [115]. DE, also referred to as molecular evolution, does not require information of the sequence or three-dimensional structure of the enzymes [116]. Consistent high-throughput screening of the mutant library and effective library construction are required for successful DE experiments. The major highlights of DE include the creation of random gene libraries, expression of genes in an appropriate host, and screening libraries of mutant enzymes according to the need [117].



Recently, Pouyan et al. [102] used an in silico approach to redesign α-amylase from Bacillus cereus GL96 for higher thermostability and characterized the engineered enzyme using directed evolution. The engineered α-amylase exhibited superior properties over wide temperature (70 °C) and pH (4–11) ranges. In another study, lipase from Proteus mirabilis was genetically fused to self-crystallizing protein (Cry3Aa) for immobilized lipase crystal production by DE in Bacillus thuringiensis [104]. The immobilized lipase mutant exhibited 4.3-fold greater catalytic efficiency and enhanced stability that could efficiently catalyse waste cooking oil into biodiesel for at least 15 cycles with reasonable conversion efficiency.



Similarly, in another study, the site-directed mutagenesis of a lipase from Pseudomonas fluorescens provided enhanced thermostability to the enzyme which could be applied to food applications [118]. The transglutaminase enzyme from Streptomyces mobaraensis, which catalyses the cross-linking modification of proteins and other biotechnological fields, was subjected to site-directed mutagenesis [119]. The variant enzyme possessed higher thermostability with improved specific activity. These studies provide deeper insights of the structure–function relationship for improving the thermostability of different enzymes through directed evolution. It also offers a theoretical framework and background knowledge for designing enzymes with improved properties to satisfy industrial demands.




5.2. Rational Design


Rational design (RD) is a classical protein engineering strategy for obtaining tailored enzymes with improved catalytic properties, kinetics, thermostability, substrate specificity, and resistance to organic solvents [107,116]. RD brings precise variations in the amino acid sequence via site-directed mutagenesis and is used when the structure, function, and mechanism of action of the target enzyme is already known [120]. The enzyme of interest can be engineered by RD involving targeted mutagenesis, computational techniques, and a de novo design [121]. In a study by Ashraf et al. [107], a serine peptidase from Pseudomonas aeruginosa was engineered using rational design for improved thermal stability and catalytic efficiency. The mutant enzyme exhibited higher Tm and increased residual activity at elevated temperature compared to the wild type.



Some researchers have recently used computational design techniques to alter important industrial enzymes used with improved enzymatic activity. Costa et al. [122] employed a computational protein design method to redesign Cel9A-68 cellulase from Thermobifida fusca through linker mutations that facilitated higher enzymatic activity for cellulose degradation. In another study by Elatico et al. [113], the computational technique was used to reverse engineer the lipase from Pseudomonas aeruginosa PAO1 using proline mutations. The technique helped in creating variants with possible α-helix hotspots for augmented enzyme activity and stability. Given the promising traits the mutant enzyme displays, these protein engineering methods could be taken into consideration for additional research to fulfil the industrial requirements.





6. Current Challenges and Future Prospects


Sustainable development based on the idea of a circular economy could possibly assist in achieving the targets of global waste minimization, valorization, and its recycling. The agro-industrial food waste which is an underutilized resource ideally fulfills the criteria for circular economy for conversion into useful bioproducts. Agro-food waste contains a significant amount of latent nutrients that can be efficiently extracted, recycled, repurposed, and used as substrates for enzyme production. Enzymes have been widely explored in the food industry and lignocellulosic biorefineries for producing numerous value-added biochemicals. However, the scaling up of enzyme production still faces a huge research gap to meet the industrial requirements. The significant challenges and barriers, including high production costs, low stability, and long reaction times, among others, still persist in the commercial applicability of enzymes. Moreover, the market cost of enzymes is quite high owing to the fact that expensive synthetic substrates and processes are used for their production. For enzyme prices to be competitive, they would need to be an average of $0.10 per gallon [123]. The development of biocatalytic enzyme systems from low-cost agro-food wastes represent a distinctive technological approach for environmental and economical sustainability. Different strategies to improve enzyme production costs have been proposed through comprehensive research efforts over the past few decades. Additionally, the shortlisting of agro-food wastes as the carriers for enzyme immobilization with various operational requirements is challenging, but exciting in terms of further mitigating the cost-related issues of enzyme applicability at industrial levels.



There are certain challenges also related to enzyme immobilization practices. These include enzyme distortion during immobilization, steric hindrance of enzymes with substrate, rapid consumption of the substrate, etc. The distortion of the enzyme during immobilization occurs when the enzyme is being used under more severe conditions than normal conditions. However, stabilizing the enzyme during immobilization might allow for higher activity than the soluble enzyme. The steric interference of enzymes with the substrate may depend upon the enzyme loading on the immobilization support. If the surface of the support material does not completely block the active site, a reasonable activity against large substrates can be found with minimal enzyme load, resulting in enzyme molecules with free space around them to bind with the substrate. Apparently, the substrates with different molecular sizes and using different enzyme loadings could help in understanding if the issues are caused by steric hindrances or enzyme distortion. In certain cases, the enzyme is physically adsorbed on the surface of the immobilization matrix and may release from the support, resulting in lower efficiency. This issue may be discovered by measuring the activity in the washing solutions, particularly the initial ones. Therefore, a deeper understanding of the mechanisms of enzyme immobilization on the support matrixes is necessary to mitigate these inadequacies.



Looking forward, the improvements in the science and engineering knowledge for choice of microorganism, enzyme production under SSF and SmF systems, and maintenance of optimum chemical, physical, and biological parameters could develop the sustainable bioprocess. The development of stable biocatalytic systems by novel immobilization technologies using agro-food wastes as carriers could also elevate the industrial applications of enzymes. Over the last several years, the increase in the market demand for enzymes to establish new technological bioprocesses has substantially driven the need for engineered enzymes with unique biocatalytic and economic attributes. Research on engineering of the local enzyme environments and their catalytic regions using exciting computational and machine learning technologies is expected to further increase in coming years and involve multi-step reaction cascades, economizing the overall bioprocess. Moreover, powerful tools like life-cycle assessments and techno-economic analyses could be used for the evaluation of the viable commercial-scale biocatalytic processes. Further understanding of enzymes can be more effectively used in a range of industrial processes, which will come from research studies of both known and yet-to-be discovered enzymes.




7. Conclusions


The management of food and agricultural trash is one of the most pressing issues for modern civilization. The proper repurposing of agro-food wastes utilizing green technology is critical to reduce the negative and destructive consequences of waste disposal that produce compounds with added value, aiding towards implementing circular economy. Microbial enzymes play a key role in the valorization of agro-industrial crop and food wastes compared to conventional chemical catalysts. The utilization of agro-food waste to produce commercially important enzymes by microorganisms offers great promise for efficient waste utilization and sufficient biocatalytic systems with high conversion efficiencies, thereby allowing achievement of the targets of sustainable development. Furthermore, using novel, inexpensive enzyme immobilization supports and engineered enzymes can exhibit improved catalytic performance when applying them to industrial food applications.







Author Contributions


Conceptualization, V.S. and P.N.; Validation, V.S., M.-L.T., C.-W.C., P.N. and C.-D.D.; Formal Analysis, V.S., M.-L.T., P.N. and C.-W.C.; Investigation, V.S., M.-L.T. and C.-D.D.; Writing—Original Draft Preparation, V.S.; Writing—Review & Editing, P.N. and C.-D.D.; Visualization, V.S., M.-L.T. and C.-D.D.; Resources, M.-L.T. and C.-H.K.; Supervision, M.-L.T., P.-P.S. and C.-D.D.; Funding Acquisition, C.-D.D. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by Taiwan MOST for funding support (Ref. No. 109-2222-E-992-002).




Data Availability Statement


Not applicable.




Acknowledgments


Authors V.S. and P.N. gratefully acknowledge National Kaohsiung University of Science and Technology, Kaohsiung City, Taiwan, for providing the post-Doctoral fellowship. Authors M.-L.T., C.-W.C., and C.-D.D. acknowledge Ministry of Science and Technology, Taiwan MOST for funding support (Ref. No. 109-2222-E-992-002).




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	AW
	Agricultural waste



	FAO
	Food and agriculture organization



	FVW
	Fruit and vegetable waste



	GRAS
	Generally Regarded as Safe



	KW
	Kitchen waste



	LCB
	Lignocellulosic biomass



	SmF
	Submerged fermentation



	SSF
	Solid state fermentation







References


	



Fasim, A.; More, V.S.; More, S.S. Large-Scale Production of Enzymes for Biotechnology Uses. Curr. Opin. Biotechnol. 2021, 69, 68–76. [Google Scholar] [CrossRef] [PubMed]

	



Kuo, C.-H.; Huang, C.-Y.; Shieh, C.-J.; Dong, C.-D. Enzymes and Biocatalysis. Catalysts 2022, 12, 993. [Google Scholar] [CrossRef]

	



Chapman, J.; Ismail, A.E.; Dinu, C.Z. Industrial Applications of Enzymes: Recent Advances, Techniques, and Outlooks. Catalysts 2018, 8, 238. [Google Scholar] [CrossRef]

	



Arya, P.S.; Yagnik, S.M.; Rajput, K.N.; Panchal, R.R.; Raval, V.H. Valorization of Agro-Food Wastes: Ease of Concomitant-Enzymes Production with Application in Food and Biofuel Industries. Bioresour. Technol. 2022, 361, 127738. [Google Scholar] [CrossRef] [PubMed]

	



Golgeri M., D.B.; Mulla, S.I.; Bagewadi, Z.K.; Tyagi, S.; Hu, A.; Sharma, S.; Bilal, M.; Bharagava, R.N.; Ferreira, L.F.R.; Gurumurthy, D.M.; et al. A Systematic Review on Potential Microbial Carbohydrases: Current and Future Perspectives. Crit. Rev. Food Sci. Nutr. 2022, 62, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Thapa, S.; Li, H.; OHair, J.; Bhatti, S.; Chen, F.-C.; Nasr, K.A.; Johnson, T.; Zhou, S. Biochemical Characteristics of Microbial Enzymes and Their Significance from Industrial Perspectives. Mol. Biotechnol. 2019, 61, 579–601. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.; Singhania, R.R.; Soam, S.; Chen, C.-W.; Haldar, D.; Varjani, S.; Chang, J.-S.; Dong, C.-D.; Patel, A.K. Production of Bioethanol from Food Waste: Status and Perspectives. Bioresour. Technol. 2022, 360, 127651. [Google Scholar] [CrossRef]

	



Rojas, L.F.; Zapata, P.; Ruiz-Tirado, L. Agro-Industrial Waste Enzymes: Perspectives in Circular Economy. Curr. Opin. Green Sustain. Chem. 2022, 34, 100585. [Google Scholar] [CrossRef]

	



Kumar, V.; Sharma, N.; Umesh, M.; Selvaraj, M.; Al-Shehri, B.M.; Chakraborty, P.; Duhan, L.; Sharma, S.; Pasrija, R.; Awasthi, M.K.; et al. Emerging Challenges for the Agro-Industrial Food Waste Utilization: A Review on Food Waste Biorefinery. Bioresour. Technol. 2022, 362, 127790. [Google Scholar] [CrossRef] [PubMed]

	



|Food Loss Reduction CoP|Food and Agriculture Organization of the United Nations. Available online: https://www.fao.org/platform-food-loss-waste/resources/detail/en/c/1378978/ (accessed on 7 September 2022).

	



Sharma, V.; Nargotra, P.; Sharma, S.; Bajaj, B.K. Efficacy and Functional Mechanisms of a Novel Combinatorial Pretreatment Approach Based on Deep Eutectic Solvent and Ultrasonic Waves for Bioconversion of Sugarcane Bagasse. Renew. Energy 2021, 163, 1910–1922. [Google Scholar] [CrossRef]

	



Sharma, S.; Nargotra, P.; Sharma, V.; Bangotra, R.; Kaur, M.; Kapoor, N.; Paul, S.; Bajaj, B.K. Nanobiocatalysts for Efficacious Bioconversion of Ionic Liquid Pretreated Sugarcane Tops Biomass to Biofuel. Bioresour. Technol. 2021, 333, 125191. [Google Scholar] [CrossRef] [PubMed]

	



Nargotra, P.; Sharma, V.; Gupta, M.; Kour, S.; Bajaj, B.K. Application of Ionic Liquid and Alkali Pretreatment for Enhancing Saccharification of Sunflower Stalk Biomass for Potential Biofuel-Ethanol Production. Bioresour. Technol. 2018, 267, 560–568. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, V.; Nargotra, P.; Bajaj, B.K. Ultrasound and Surfactant Assisted Ionic Liquid Pretreatment of Sugarcane Bagasse for Enhancing Saccharification Using Enzymes from an Ionic Liquid Tolerant Aspergillus assiutensis VS34. Bioresour. Technol. 2019, 285, 121319. [Google Scholar] [CrossRef] [PubMed]

	



Raina, D.; Kumar, V.; Saran, S. A Critical Review on Exploitation of Agro-Industrial Biomass as Substrates for the Therapeutic Microbial Enzymes Production and Implemented Protein Purification Techniques. Chemosphere 2022, 294, 133712. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, V.; Tsai, M.-L.; Chen, C.-W.; Sun, P.-P.; Patel, A.K.; Singhania, R.R.; Nargotra, P.; Dong, C.-D. Deep Eutectic Solvents as Promising Pretreatment Agents for Sustainable Lignocellulosic Biorefineries: A Review. Bioresour. Technol. 2022, 360, 127631. [Google Scholar] [CrossRef] [PubMed]

	



Uçkun Kiran, E.; Trzcinski, A.P.; Ng, W.J.; Liu, Y. Enzyme Production from Food Wastes Using a Biorefinery Concept. Waste Biomass Valor. 2014, 5, 903–917. [Google Scholar] [CrossRef]

	



Bilal, M.; Iqbal, H.M.N. Sustainable Bioconversion of Food Waste into High-Value Products by Immobilized Enzymes to Meet Bio-Economy Challenges and Opportunities—A Review. Food Res. Int. 2019, 123, 226–240. [Google Scholar] [CrossRef]

	



Basso, A.; Serban, S. Industrial Applications of Immobilized Enzymes—A Review. Mol. Catal. 2019, 479, 110607. [Google Scholar] [CrossRef]

	



Nargotra, P.; Sharma, V.; Sharma, S. Purification of an Ionic Liquid Stable Cellulase from Aspergillus Aculeatus PN14 with Potential for Biomass Refining. Environ. Sustain. 2022, 5, 313–323. [Google Scholar] [CrossRef]

	



Xie, J.; Zhang, Y.; Simpson, B. Food Enzymes Immobilization: Novel Carriers, Techniques and Applications. Curr. Opin. Food Sci. 2022, 43, 27–35. [Google Scholar] [CrossRef]

	



Zhang, Y.; Geary, T.; Simpson, B.K. Genetically Modified Food Enzymes: A Review. Curr. Opin. Food Sci. 2019, 25, 14–18. [Google Scholar] [CrossRef]

	



Yaashikaa, P.R.; Senthil Kumar, P.; Varjani, S. Valorization of Agro-Industrial Wastes for Biorefinery Process and Circular Bioeconomy: A Critical Review. Bioresour. Technol. 2022, 343, 126126. [Google Scholar] [CrossRef] [PubMed]

	



Haldar, D.; Shabbirahmed, A.M.; Singhania, R.R.; Chen, C.-W.; Dong, C.-D.; Ponnusamy, V.K.; Patel, A.K. Understanding the Management of Household Food Waste and Its Engineering for Sustainable Valorization-A State-of-the-Art Review. Bioresour. Technol. 2022, 358, 127390. [Google Scholar] [CrossRef]

	



Ravindran, R.; Hassan, S.S.; Williams, G.A.; Jaiswal, A.K. A Review on Bioconversion of Agro-Industrial Wastes to Industrially Important Enzymes. Bioengineering 2018, 5, 93. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, P.; Gaur, V.K.; Kim, S.-H.; Pandey, A. Microbial Strategies for Bio-Transforming Food Waste into Resources. Bioresour. Technol. 2020, 299, 122580. [Google Scholar] [CrossRef]

	



Sahoo, A.; Sarkar, S.; Lal, B.; Kumawat, P.; Sharma, S.; De, K. Utilization of Fruit and Vegetable Waste as an Alternative Feed Resource for Sustainable and Eco-Friendly Sheep Farming. Waste Manag. 2021, 128, 232–242. [Google Scholar] [CrossRef] [PubMed]

	



Okino-Delgado, C.H.; Prado, D.Z.; Facanali, R.; Marques, M.M.O.; Nascimento, A.S.; Fernandes, C.J.D.C.; Zambuzzi, W.F.; Fleuri, L.F. Bioremediation of Cooking Oil Waste Using Lipases from Wastes. PLoS ONE 2017, 12, e0186246. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Z.; Ma, Y.; Liu, Y.; Wang, Q. Waste Cooking Oil Used as Carbon Source for Microbial Lipid Production: Promoter or Inhibitor. Environ. Res. 2022, 203, 111881. [Google Scholar] [CrossRef]

	



Sharma, A.; Kuthiala, T.; Thakur, K.; Thatai, K.S.; Singh, G.; Kumar, P.; Arya, S.K. Kitchen Waste: Sustainable Bioconversion to Value-Added Product and Economic Challenges. Biomass Conv. Bioref. 2022, 12, 1–22. [Google Scholar] [CrossRef]

	



Benabda, O.; M’hir, S.; Kasmi, M.; Mnif, W.; Hamdi, M. Optimization of Protease and Amylase Production by Rhizopus oryzae Cultivated on Bread Waste Using Solid-State Fermentation. J. Chem. 2019, 2019, 3738181. [Google Scholar] [CrossRef]

	



Minh, P.N.N.; Le, T.T.; Camp, J.V.; Raes, K. Valorization of Waste and By-Products from the Agrofood Industry Using Fermentation Processes and Enzyme Treatments. In Utilisation of Bioactive Compounds from Agricultural and Food Waste; CRC Press: Boca Raton, FL, USA, 2017; ISBN 978-1-315-15154-0. [Google Scholar]

	



Nnolim, N.E.; Okoh, A.I.; Nwodo, U.U. Bacillus Sp. FPF-1 Produced Keratinase with High Potential for Chicken Feather Degradation. Molecules 2020, 25, 1505. [Google Scholar] [CrossRef] [PubMed]

	



Singh, S.; Gupta, P.; Sharma, V.; Koul, S.; Kour, K.; Bajaj, B.K. Multifarious Potential Applications of Keratinase of Bacillus Subtilis K-5. Biocatal. Biotransform. 2014, 32, 333–342. [Google Scholar] [CrossRef]

	



Nargotra, P.; Sharma, V.; Sharma, S.; Kapoor, N.; Bajaj, B.K. Development of Consolidated Bioprocess for Biofuel-Ethanol Production from Ultrasound-Assisted Deep Eutectic Solvent Pretreated Parthenium Hysterophorus Biomass. Biomass Conv. Bioref. 2020, 10, 1–16. [Google Scholar] [CrossRef]

	



Sharma, S.; Sharma, V.; Nargotra, P.; Bajaj, B.K. Bioprocess Development for Production of a Process-Apt Xylanase with Multifaceted Application Potential for a Range of Industrial Processes. SN Appl. Sci. 2020, 2, 739. [Google Scholar] [CrossRef]

	



Sharma, V.; Nargotra, P.; Sharma, S.; Bajaj, B.K. Efficient Bioconversion of Sugarcane Tops Biomass into Biofuel-Ethanol Using an Optimized Alkali-Ionic Liquid Pretreatment Approach. Biomass Conv. Bioref. 2020, 10, 1–14. [Google Scholar] [CrossRef]

	



Nargotra, P.; Sharma, V.; Bajaj, B.K. Consolidated Bioprocessing of Surfactant-Assisted Ionic Liquid-Pretreated Parthenium hysterophorus L. Biomass for Bioethanol Production. Bioresour. Technol. 2019, 289, 121611. [Google Scholar] [CrossRef]

	



Sharma, V.; Bhat, B.; Gupta, M.; Vaid, S.; Sharma, S.; Nargotra, P.; Singh, S.; Bajaj, B.K. Role of Systematic Biology in Biorefining of Lignocellulosic Residues for Biofuels and Chemicals Production. In Sustainable Biotechnology-Enzymatic Resources of Renewable Energy; Singh, O.V., Chandel, A.K., Eds.; Springer International Publishing: Cham, Switzerland, 2018; pp. 5–55. ISBN 978-3-319-95480-6. [Google Scholar]

	



Raveendran, S.; Parameswaran, B.; Ummalyma, S.B.; Abraham, A.; Mathew, A.K.; Madhavan, A.; Rebello, S.; Pandey, A. Applications of Microbial Enzymes in Food Industry. Food Technol. Biotechnol. 2018, 56, 16–30. [Google Scholar] [CrossRef]

	



Menezes, D.B.; de Andrade, L.R.M.; Vilar, D.; Vega-Baudrit, J.R.; Torres, N.H.; Bilal, M.; Silva, D.P.; López, J.A.; Hernández-Macedo, M.L.; Bharagava, R.N.; et al. Synthesis of Industrial Enzymes from Lignocellulosic Fractions. In Enzymes for Pollutant Degradation; Mulla, S.I., Bharagava, R.N., Eds.; Microorganisms for Sustainability; Springer Nature: Singapore, 2022; pp. 19–48. ISBN 9789811645747. [Google Scholar]

	



Leite, P.; Sousa, D.; Fernandes, H.; Ferreira, M.; Costa, A.R.; Filipe, D.; Gonçalves, M.; Peres, H.; Belo, I.; Salgado, J.M. Recent Advances in Production of Lignocellulolytic Enzymes by Solid-State Fermentation of Agro-Industrial Wastes. Curr. Opin. Green Sustain. Chem. 2021, 27, 100407. [Google Scholar] [CrossRef]

	



Mojumdar, A.; Deka, J. Recycling Agro-Industrial Waste to Produce Amylase and Characterizing Amylase–Gold Nanoparticle Composite. Int. J. Recycl. Org. Waste Agricult. 2019, 8, 263–269. [Google Scholar] [CrossRef]

	



Abdel-Mageed, H.M.; Barakat, A.Z.; Bassuiny, R.I.; Elsayed, A.M.; Salah, H.A.; Abdel-Aty, A.M.; Mohamed, S.A. Biotechnology Approach Using Watermelon Rind for Optimization of α-Amylase Enzyme Production from Trichoderma virens Using Response Surface Methodology under Solid-State Fermentation. Folia Microbiol. 2022, 67, 253–264. [Google Scholar] [CrossRef]

	



Iqbalsyah, T.M.; Amna, U.; Utami, R.S.; Oesman, F. Febriani—Concomitant Cellulase and Amylase Production by a Thermophilic Bacterial Isolate in a Solid-State Fermentation Using Rice Husks. Agric. Nat. Resour. 2019, 53, 327–333. [Google Scholar]

	



Chimbekujwo, K.I.; Ja’afaru, M.I.; Adeyemo, O.M. Purification, Characterization and Optimization Conditions of Protease Produced by Aspergillus brasiliensis Strain BCW2. Sci. Afr. 2020, 8, e00398. [Google Scholar] [CrossRef]

	



Escaramboni, B.; Garnica, B.C.; Abe, M.M.; Palmieri, D.A.; Fernández Núñez, E.G.; de Oliva Neto, P. Food Waste as a Feedstock for Fungal Biosynthesis of Amylases and Proteases. Waste Biomass Valor. 2022, 13, 213–226. [Google Scholar] [CrossRef]

	



Balachandran, C.; Vishali, A.; Nagendran, N.A.; Baskar, K.; Hashem, A.; Abd_Allah, E.F. Optimization of Protease Production from Bacillus halodurans under Solid State Fermentation Using Agrowastes. Saudi J. Biol. Sci. 2021, 28, 4263–4269. [Google Scholar] [CrossRef]

	



Talhi, I.; Dehimat, L.; Jaouani, A.; Cherfia, R.; Berkani, M.; Almomani, F.; Vasseghian, Y.; Chaouche, N.K. Optimization of Thermostable Proteases Production under Agro-Wastes Solid-State Fermentation by a New Thermophilic Mycothermus thermophilus Isolated from a Hydrothermal Spring Hammam Debagh, Algeria. Chemosphere 2022, 286, 131479. [Google Scholar] [CrossRef]

	



Zheng, L.; Yu, X.; Wei, C.; Qiu, L.; Yu, C.; Xing, Q.; Fan, Y.; Deng, Z. Production and Characterization of a Novel Alkaline Protease from a Newly Isolated Neurospora Crassa through Solid-State Fermentation. LWT 2020, 122, 108990. [Google Scholar] [CrossRef]

	



Camargo, D.A.; Pereira, M.S.; dos Santos, A.G.; Fleuri, L.F. Isolated and Fermented Orange and Grape Wastes: Bromatological Characterization and Phytase, Lipase and Protease Source. Innov. Food Sci. Emerg. Technol. 2022, 77, 102978. [Google Scholar] [CrossRef]

	



Rawoof, S.A.A.; Kumar, P.S.; Devaraj, K.; Devaraj, T.; Subramanian, S. Enhancement of Lactic Acid Production from Food Waste through Simultaneous Saccharification and Fermentation Using Selective Microbial Strains. Biomass Conv. Bioref. 2020, 10, 1–12. [Google Scholar] [CrossRef]

	



Araujo, S.C.; Ramos, M.R.M.F.; do Espírito Santo, E.L.; de Menezes, L.H.S.; de Carvalho, M.S.; de Carvalho Tavares, I.M.; Franco, M.; de Oliveira, J.R. Optimization of Lipase Production by Penicillium roqueforti ATCC 10110 through Solid-State Fermentation Using Agro-Industrial Residue Based on a Univariate Analysis. Prep. Biochem. Biotechnol. 2022, 52, 325–330. [Google Scholar] [CrossRef]

	



Sales de Menezes, L.H.; Carneiro, L.L.; Maria de Carvalho Tavares, I.; Santos, P.H.; Pereira das Chagas, T.; Mendes, A.A.; Paranhos da Silva, E.G.; Franco, M.; Rangel de Oliveira, J. Artificial Neural Network Hybridized with a Genetic Algorithm for Optimization of Lipase Production from Penicillium roqueforti ATCC 10110 in Solid-State Fermentation. Biocatal. Agric. Biotechnol. 2021, 31, 101885. [Google Scholar] [CrossRef]

	



Reyes-Reyes, A.L.; Valero Barranco, F.; Sandoval, G. Recent Advances in Lipases and Their Applications in the Food and Nutraceutical Industry. Catalysts 2022, 12, 960. [Google Scholar] [CrossRef]

	



Pereira, A.S.; Fontes-Sant’Ana, G.C.; Amaral, P.F.F. Mango Agro-Industrial Wastes for Lipase Production from Yarrowia lipolytica and the Potential of the Fermented Solid as a Biocatalyst. Food Bioprod. Process. 2019, 115, 68–77. [Google Scholar] [CrossRef]

	



Putri, D.N.; Khootama, A.; Perdani, M.S.; Utami, T.S.; Hermansyah, H. Optimization of Aspergillus niger Lipase Production by Solid State Fermentation of Agro-Industrial Waste. Energy Rep. 2020, 6, 331–335. [Google Scholar] [CrossRef]

	



Singhania, R.R.; Ruiz, H.A.; Awasthi, M.K.; Dong, C.-D.; Chen, C.-W.; Patel, A.K. Challenges in Cellulase Bioprocess for Biofuel Applications. Renew. Sust. Energy Rev. 2021, 151, 111622. [Google Scholar] [CrossRef]

	



Singhania, R.R.; Patel, A.K.; Singh, A.; Haldar, D.; Soam, S.; Chen, C.-W.; Tsai, M.-L.; Dong, C.-D. Consolidated Bioprocessing of Lignocellulosic Biomass: Technological Advances and Challenges. Bioresour. Technol. 2022, 354, 127153. [Google Scholar] [CrossRef]

	



Al-Mardeai, S.; Elnajjar, E.; Hashaikeh, R.; Kruczek, B.; Van der Bruggen, B.; Al-Zuhair, S. Membrane Bioreactors: A Promising Approach to Enhanced Enzymatic Hydrolysis of Cellulose. Catalysts 2022, 12, 1121. [Google Scholar] [CrossRef]

	



Srivastava, N.; Elgorban, A.M.; Mishra, P.K.; Marraiki, N.; Alharbi, A.M.; Ahmad, I.; Gupta, V.K. Enhance Production of Fungal Cellulase Cocktail Using Cellulosic Waste. Environ. Technol. Innov. 2020, 19, 100949. [Google Scholar] [CrossRef]

	



Leite, P.; Silva, C.; Salgado, J.M.; Belo, I. Simultaneous Production of Lignocellulolytic Enzymes and Extraction of Antioxidant Compounds by Solid-State Fermentation of Agro-Industrial Wastes. Ind. Crops Prod. 2019, 137, 315–322. [Google Scholar] [CrossRef]

	



Intasit, R.; Cheirsilp, B.; Suyotha, W.; Boonsawang, P. Purification and Characterization of a Highly-Stable Fungal Xylanase from Aspergillus tubingensis Cultivated on Palm Wastes through Combined Solid-State and Submerged Fermentation. Prep. Biochem. Biotechnol. 2022, 52, 311–317. [Google Scholar] [CrossRef]

	



Singh, A.; Bajar, S.; Devi, A.; Bishnoi, N.R. Adding Value to Agro-Industrial Waste for Cellulase and Xylanase Production via Solid-State Bioconversion. Biomass Conv. Bioref. 2021, 11, 1–10. [Google Scholar] [CrossRef]

	



Pollegioni, L.; Tonin, F.; Rosini, E. Lignin-Degrading Enzymes. FEBS J. 2015, 282, 1190–1213. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Amanze, C.; Wang, J.; Yu, Z.; Shen, L.; Wu, X.; Li, J.; Yu, R.; Liu, Y.; Zeng, W. Isolation and Characterization of a Novel Thermotolerant Alkali Lignin-Degrading Bacterium Aneurinibacillus Sp. LD3 and Its Application in Food Waste Composting. Chemosphere 2022, 307, 135859. [Google Scholar] [CrossRef] [PubMed]

	



Bagewadi, Z.K.; Mulla, S.I.; Ninnekar, H.Z. Optimization of Laccase Production and Its Application in Delignification of Biomass. Int. J. Recycl. Org. Waste Agricult. 2017, 6, 351–365. [Google Scholar] [CrossRef]

	



Almowallad, S.A.; Aljobair, M.O.; Alkuraieef, A.N.; Aljahani, A.H.; Alsuhaibani, A.M.; Alsayadi, M.M. Utilization of Agro-Industrial Orange Peel and Sugar Beet Pulp Wastes for Fungal Endo- Polygalacturonase Production. Saudi J. Biol. Sci. 2022, 29, 963–969. [Google Scholar] [CrossRef] [PubMed]

	



Núñez Pérez, J.; Chávez Arias, B.S.; de la Vega Quintero, J.C.; Zárate Baca, S.; Pais-Chanfrau, J.M. Multi-Objective Statistical Optimization of Pectinolytic Enzymes Production by an Aspergillus Sp. on Dehydrated Coffee Residues in Solid-State Fermentation. Fermentation 2022, 8, 170. [Google Scholar] [CrossRef]

	



Sethi, B.K.; Nanda, P.K.; Sahoo, S. Enhanced Production of Pectinase by Aspergillus Terreus NCFT 4269.10 Using Banana Peels as Substrate. 3 Biotech 2016, 6, 36. [Google Scholar] [CrossRef]

	



Sharma, S.; Vaid, S.; Bhat, B.; Singh, S.; Bajaj, B.K. Chapter 17—Thermostable Enzymes for Industrial Biotechnology. In Advances in Enzyme Technology; Singh, R.S., Singhania, R.R., Pandey, A., Larroche, C., Eds.; Biomass, Biofuels, Biochemicals; Elsevier: Amsterdam, The Netherlands, 2019; pp. 469–495. ISBN 978-0-444-64114-4. [Google Scholar]

	



Ng, H.S.; Kee, P.E.; Yim, H.S.; Chen, P.-T.; Wei, Y.-H.; Chi-Wei Lan, J. Recent Advances on the Sustainable Approaches for Conversion and Reutilization of Food Wastes to Valuable Bioproducts. Bioresour. Technol. 2020, 302, 122889. [Google Scholar] [CrossRef]

	



Otari, S.V.; Patel, S.K.S.; Kalia, V.C.; Lee, J.-K. One-Step Hydrothermal Synthesis of Magnetic Rice Straw for Effective Lipase Immobilization and Its Application in Esterification Reaction. Bioresour. Technol. 2020, 302, 122887. [Google Scholar] [CrossRef]

	



Zdarta, J.; Meyer, A.S.; Jesionowski, T.; Pinelo, M. A General Overview of Support Materials for Enzyme Immobilization: Characteristics, Properties, Practical Utility. Catalysts 2018, 8, 92. [Google Scholar] [CrossRef]

	



Bilal, M.; Zhao, Y.; Rasheed, T.; Iqbal, H.M.N. Magnetic Nanoparticles as Versatile Carriers for Enzymes Immobilization: A Review. Int. J. Biol. Macromol. 2018, 120, 2530–2544. [Google Scholar] [CrossRef]

	



Suman, S.K.; Patnam, P.L.; Ghosh, S.; Jain, S.L. Chicken Feather Derived Novel Support Material for Immobilization of Laccase and Its Application in Oxidation of Veratryl Alcohol. ACS Sustain. Chem. Eng. 2019, 7, 3464–3474. [Google Scholar] [CrossRef]

	



de S. Lira, R.K.; Zardini, R.T.; de Carvalho, M.C.C.; Wojcieszak, R.; Leite, S.G.F.; Itabaiana, I. Agroindustrial Wastes as a Support for the Immobilization of Lipase from Thermomyces lanuginosus: Synthesis of Hexyl Laurate. Biomolecules 2021, 11, 445. [Google Scholar] [CrossRef] [PubMed]

	



Sojitra, U.V.; Nadar, S.S.; Rathod, V.K. Immobilization of Pectinase onto Chitosan Magnetic Nanoparticles by Macromolecular Cross-Linker. Carbohydr. Polym. 2017, 157, 677–685. [Google Scholar] [CrossRef] [PubMed]

	



Abdel-Mageed, H.M.; Nada, D.; Radwan, R.A.; Mohamed, S.A.; Gohary, N.A.E.L. Optimization of Catalytic Properties of Mucor racemosus Lipase through Immobilization in a Biocompatible Alginate Gelatin Hydrogel Matrix for Free Fatty Acid Production: A Sustainable Robust Biocatalyst for Ultrasound-Assisted Olive Oil Hydrolysis. 3 Biotech 2022, 12, 285. [Google Scholar] [CrossRef] [PubMed]

	



Bonet-Ragel, K.; López-Pou, L.; Tutusaus, G.; Benaiges, M.D.; Valero, F. Rice Husk Ash as a Potential Carrier for the Immobilization of Lipases Applied in the Enzymatic Production of Biodiesel. Biocatal. Biotransform. 2018, 36, 151–158. [Google Scholar] [CrossRef]

	



Costa-Silva, T.A.; Carvalho, A.K.F.; Souza, C.R.F.; Freitas, L.; De Castro, H.F.; Oliveira, W.P. Highly Effective Candida Rugosa Lipase Immobilization on Renewable Carriers: Integrated Drying and Immobilization Process to Improve Enzyme Performance. Chem. Eng. Res. Des. 2022, 183, 41–55. [Google Scholar] [CrossRef]

	



Ghosh, P.; Ghosh, U. Immobilization of Purified Fungal Laccase on Cost Effective Green Coconut Fiber and Study of Its Physical and Kinetic Characteristics in Both Free and Immobilized Form. Curr. Biotechnol. 2019, 8, 3–14. [Google Scholar] [CrossRef]

	



Chen, K.-I.; Lo, Y.-C.; Liu, C.-W.; Yu, R.-C.; Chou, C.-C.; Cheng, K.-C. Enrichment of Two Isoflavone Aglycones in Black Soymilk by Using Spent Coffee Grounds as an Immobiliser for β-Glucosidase. Food Chem. 2013, 139, 79–85. [Google Scholar] [CrossRef]

	



Rocha, C.; Gonçalves, M.P.; Teixeira, J.A. Immobilization of Trypsin on Spent Grains for Whey Protein Hydrolysis. Process Biochem. 2011, 46, 505–511. [Google Scholar] [CrossRef]

	



Imam, A.; Suman, S.K.; Singh, R.; Vempatapu, B.P.; Ray, A.; Kanaujia, P.K. Application of Laccase Immobilized Rice Straw Biochar for Anthracene Degradation. Environ. Pollut. 2021, 268, 115827. [Google Scholar] [CrossRef]

	



Abdulla, R.; Sanny, S.A.; Derman, E. Stability Studies of Immobilized Lipase on Rice Husk and Eggshell Membrane. IOP Conf. Ser. Mater. Sci. Eng. 2017, 206, 012032. [Google Scholar] [CrossRef]

	



Ladole, M.R.; Nair, R.R.; Bhutada, Y.D.; Amritkar, V.D.; Pandit, A.B. Synergistic Effect of Ultrasonication and Co-Immobilized Enzymes on Tomato Peels for Lycopene Extraction. Ultrason. Sonochem. 2018, 48, 453–462. [Google Scholar] [CrossRef] [PubMed]

	



Nadar, S.S.; Rathod, V.K. A Co-Immobilization of Pectinase and Cellulase onto Magnetic Nanoparticles for Antioxidant Extraction from Waste Fruit Peels. Biocatal. Agric. Biotechnol. 2019, 17, 470–479. [Google Scholar] [CrossRef]

	



Hua, X.; Yang, R.; Zhang, W.; Fei, Y.; Jin, Z.; Jiang, B. Dual-Enzymatic Synthesis of Lactulose in Organic-Aqueous Two-Phase Media. Food Res. Int. 2010, 43, 716–722. [Google Scholar] [CrossRef]

	



de Souza Bezerra, T.M.; Bassan, J.C.; de Oliveira Santos, V.T.; Ferraz, A.; Monti, R. Covalent Immobilization of Laccase in Green Coconut Fiber and Use in Clarification of Apple Juice. Process Biochem. 2015, 50, 417–423. [Google Scholar] [CrossRef]

	



Suo, H.; Xu, L.; Xue, Y.; Qiu, X.; Huang, H.; Hu, Y. Ionic Liquids-Modified Cellulose Coated Magnetic Nanoparticles for Enzyme Immobilization: Improvement of Catalytic Performance. Carbohydr. Polym. 2020, 234, 115914. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Chen, Y.; Yao, S.; Qian, J.; Guo, H.; Cai, X. Preparation of Immobilized Lipase on Magnetic Nanoparticles Dialdehyde Starch. Int. J. Biol. Macromol. 2019, 218, 324–332. [Google Scholar] [CrossRef]

	



Desai, R.P.; Dave, D.; Suthar, S.A.; Shah, S.; Ruparelia, N.; Kikani, B.A. Immobilization of α-Amylase on GO-Magnetite Nanoparticles for the Production of High Maltose Containing Syrup. Int. J. Biol. Macromol. 2021, 169, 228–238. [Google Scholar] [CrossRef]

	



de Oliveira, R.L.; da Silva, O.S.; Converti, A.; Porto, T.S. Thermodynamic and Kinetic Studies on Pectinase Extracted from Aspergillus aculeatus: Free and Immobilized Enzyme Entrapped in Alginate Beads. Int. J. Biol. Macromol. 2018, 115, 1088–1093. [Google Scholar] [CrossRef]

	



Girelli, A.M.; Astolfi, M.L.; Scuto, F.R. Agro-Industrial Wastes as Potential Carriers for Enzyme Immobilization: A Review. Chemosphere 2020, 244, 125368. [Google Scholar] [CrossRef]

	



Yin, L.; Chen, J.; Wu, W.; Du, Z.; Guan, Y. Immobilization of Laccase on Magnetic Nanoparticles and Application in the Detoxification of Rice Straw Hydrolysate for the Lipid Production of Rhodotorula glutinis. Appl. Biochem. Biotechnol. 2021, 193, 998–1010. [Google Scholar] [CrossRef] [PubMed]

	



Yushkova, E.D.; Nazarova, E.A.; Matyuhina, A.V.; Noskova, A.O.; Shavronskaya, D.O.; Vinogradov, V.V.; Skvortsova, N.N.; Krivoshapkina, E.F. Application of Immobilized Enzymes in Food Industry. J. Agric. Food Chem. 2019, 67, 11553–11567. [Google Scholar] [CrossRef] [PubMed]

	



Benucci, I.; Caso, M.C.; Bavaro, T.; Masci, S.; Keršienė, M.; Esti, M. Prolyl Endopeptidase from Aspergillus niger Immobilized on a Food-Grade Carrier for the Production of Gluten-Reduced Beer. Food Control 2020, 110, 106987. [Google Scholar] [CrossRef]

	



Ozyilmaz, G.; Gunay, E. Clarification of Apple, Grape and Pear Juices by Co-Immobilized Amylase, Pectinase and Cellulase. Food Chem. 2023, 398, 133900. [Google Scholar] [CrossRef] [PubMed]

	



Bilal, M.; Iqbal, H.M.N. Tailoring Multipurpose Biocatalysts via Protein Engineering Approaches: A Review. Catal. Lett. 2019, 149, 2204–2217. [Google Scholar] [CrossRef]

	



Bilal, M.; Cui, J.; Iqbal, H.M.N. Tailoring Enzyme Microenvironment: State-of-the-Art Strategy to Fulfill the Quest for Efficient Bio-Catalysis. Int. J. Biol. Macromol. 2019, 130, 186–196. [Google Scholar] [CrossRef]

	



Pouyan, S.; Lagzian, M.; Sangtarash, M.H. Enhancing Thermostabilization of a Newly Discovered α-Amylase from Bacillus cereus GL96 by Combining Computer-Aided Directed Evolution and Site-Directed Mutagenesis. Int. J. Biol. Macromol. 2022, 197, 12–22. [Google Scholar] [CrossRef]

	



Yoav, S.; Stern, J.; Salama-Alber, O.; Frolow, F.; Anbar, M.; Karpol, A.; Hadar, Y.; Morag, E.; Bayer, E.A. Directed Evolution of Clostridium thermocellum β-Glucosidase A Towards Enhanced Thermostability. Int. J. Mol. Sci. 2019, 20, 4701. [Google Scholar] [CrossRef]

	



Heater, B.S.; Chan, W.S.; Lee, M.M.; Chan, M.K. Directed Evolution of a Genetically Encoded Immobilized Lipase for the Efficient Production of Biodiesel from Waste Cooking Oil. Biotechnol. Biofuels 2019, 12, 165. [Google Scholar] [CrossRef]

	



Ruan, Y.; Zhang, R.; Xu, Y. Directed Evolution of Maltogenic Amylase from Bacillus licheniformis R-53: Enhancing Activity and Thermostability Improves Bread Quality and Extends Shelf Life. Food Chem. 2022, 381, 132222. [Google Scholar] [CrossRef]

	



Kao, M.-R.; Yu, S.-M.; Ho, T.-H.u.D. Improvements of the Productivity and Saccharification Efficiency of the Cellulolytic β-Glucosidase D2-BGL in Pichia pastoris via Directed Evolution. Biotechnol. Biofuels 2021, 14, 126. [Google Scholar] [CrossRef] [PubMed]

	



Ashraf, N.M.; Krishnagopal, A.; Hussain, A.; Kastner, D.; Sayed, A.M.M.; Mok, Y.-K.; Swaminathan, K.; Zeeshan, N. Engineering of Serine Protease for Improved Thermostability and Catalytic Activity Using Rational Design. Int. J. Biol. Macromol. 2019, 126, 229–237. [Google Scholar] [CrossRef] [PubMed]

	



Xia, W.; Bai, Y.; Shi, P. Improving the Substrate Affinity and Catalytic Efficiency of β-Glucosidase Bgl3A from Talaromyces leycettanus JCM12802 by Rational Design. Biomolecules 2021, 11, 1882. [Google Scholar] [CrossRef] [PubMed]

	



Cui, X.; Yuan, X.; Li, S.; Hu, X.; Zhao, J.; Zhang, G. Simultaneously Improving the Specific Activity and Thermostability of α-Amylase BLA by Rational Design. Bioprocess Biosyst. Eng. 2022, 45, 1839–1848. [Google Scholar] [CrossRef]

	



Wang, C.-H.; Lu, L.-H.; Huang, C.; He, B.-F.; Huang, R.-B. Simultaneously Improved Thermostability and Hydrolytic Pattern of Alpha-Amylase by Engineering Central Beta Strands of TIM Barrel. Appl. Biochem. Biotechnol. 2020, 192, 57–70. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Xu, Y.; Yu, X.-W. Propeptide in Rhizopus Chinensis Lipase: New Insights into Its Mechanism of Activity and Substrate Selectivity by Computational Design. J. Agric. Food Chem. 2021, 69, 4263–4275. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Wu, W.; Deng, Z.; Zhang, S.; Guan, W. Improved Thermostability of Lipase Lip2 from Yarrowia lipolytica through Disulfide Bond Design for Preparation of Medium-Long-Medium Structured Lipids. LWT 2022, 166, 113786. [Google Scholar] [CrossRef]

	



Elatico, A.J.J.; Nellas, R.B. Computational Reverse Engineering of the Lipase from Pseudomonas aeruginosa PAO1: α-Helices. J. Mol. Graph. Model. 2020, 100, 107657. [Google Scholar] [CrossRef]

	



Mu, Q.; Cui, Y.; Tian, Y.; Hu, M.; Tao, Y.; Wu, B. Thermostability Improvement of the Glucose Oxidase from Aspergillus niger for Efficient Gluconic Acid Production via Computational Design. Int. J. Biol. Macromol. 2019, 136, 1060–1068. [Google Scholar] [CrossRef]

	



Contreras, F.; Pramanik, S.; Rozhkova, A.M.; Zorov, I.N.; Korotkova, O.; Sinitsyn, A.P.; Schwaneberg, U.; Davari, M.D. Engineering Robust Cellulases for Tailored Lignocellulosic Degradation Cocktails. Int. J. Mol. Sci. 2020, 21, 1589. [Google Scholar] [CrossRef]

	



Sharma, V.K.; Sharma, M.; Usmani, Z.; Pandey, A.; Singh, B.N.; Tabatabaei, M.; Gupta, V.K. Tailored Enzymes as Next-Generation Food-Packaging Tools. Trends Biotechnol. 2022, 40, 1004–1017. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, A.; Singh, S. Directed Evolution: Tailoring Biocatalysts for Industrial Applications. Crit. Rev. Biotechnol. 2013, 33, 365–378. [Google Scholar] [CrossRef] [PubMed]

	



Guan, L.; Gao, Y.; Li, J.; Wang, K.; Zhang, Z.; Yan, S.; Ji, N.; Zhou, Y.; Lu, S. Directed Evolution of Pseudomonas fluorescens Lipase Variants With Improved Thermostability Using Error-Prone PCR. Front. Bioeng. Biotechnol. 2020, 8, 1034. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Huang, L.; Shan, M.; Sang, J.; Li, Y.; Jia, L.; Wang, N.; Wang, S.; Shao, S.; Liu, F.; et al. Enhancing the Activity and Thermostability of Streptomyces mobaraensis Transglutaminase by Directed Evolution and Molecular Dynamics Simulation. Biochem. Eng. J. 2019, 151, 107333. [Google Scholar] [CrossRef]

	



Sharma, A.; Gupta, G.; Ahmad, T.; Mansoor, S.; Kaur, B. Enzyme Engineering: Current Trends and Future Perspectives. Food Rev. Int. 2021, 37, 121–154. [Google Scholar] [CrossRef]

	



Madhavan, A.; Arun, K.B.; Binod, P.; Sirohi, R.; Tarafdar, A.; Reshmy, R.; Kumar Awasthi, M.; Sindhu, R. Design of Novel Enzyme Biocatalysts for Industrial Bioprocess: Harnessing the Power of Protein Engineering, High Throughput Screening and Synthetic Biology. Bioresour. Technol. 2021, 325, 124617. [Google Scholar] [CrossRef]

	



Costa, M.G.S.; Silva, Y.F.; Batista, P.R. Computational Engineering of Cellulase Cel9A-68 Functional Motions through Mutations in Its Linker Region. Phys. Chem. Chem. Phys. 2018, 20, 7643–7652. [Google Scholar] [CrossRef]

	



Ramos, M.D.N.; Milessi, T.S.; Candido, R.G.; Mendes, A.A.; Aguiar, A. Enzymatic Catalysis as a Tool in Biofuels Production in Brazil: Current Status and Perspectives. Energy Sustain. Dev. 2022, 68, 103–119. [Google Scholar] [CrossRef]








[image: Catalysts 12 01373 g001 550] 





Figure 1. Schematic representation of developing efficient biocatalysts. 
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Figure 2. Agro-industrial food waste as a raw material for the production of different bioproducts. 
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Figure 3. Classification of different types of agro-industrial food waste. 
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Figure 4. Properties of different enzyme immobilization matrixes. 
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Figure 5. The schematics of different enzyme engineering methods. 
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Table 1. Enzyme immobilization by different supporting materials.
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	Supporting Material
	Immobilization Method
	Immobilized Enzyme
	Major Results
	Application
	Reference





	Rice husk ash
	Adsorption
	Lipase
	Higher adsorption capacity of biocatalyst
	Biodiesel production
	[80]



	Magnetic rice straw (MRS)
	Adsorption
	Lipase
	36% higher esterification yield with Lipase-MRS composite
	Biodiesel production
	[73]



	Rice husk
	Covalent
	Lipase
	Immobilized lipase exhibited high esterification yield (88.0%)
	Esterification reaction for biodiesel production
	[81]



	Rice husk, sugarcane bagasse, babassu mesocarpus, corn cobs, coffee grounds, coconut bark
	Adsorption
	Lipase
	High immobilization efficiencies (>98%)
	Hexyl laurate production
	[77]



	Green coconut fiber
	Adsorption and cross-linking
	Laccase
	>80% initial activity retained up to six cycles
	Oxidation of aromaticorganic and inorganic compounds
	[82]



	Spent coffee grounds
	Covalent
	β-glucosidase
	Enriched aglycone content (67.14 ± 0.60%) by enzymatic treatment
	Isoflavone conversion in black soy milk
	[83]



	Spent grain
	Adsorption
	Trypsin
	High operational and thermal stability of immobilized enzyme
	Protein hydrolysis
	[84]



	Rice straw biochar
	Adsorption
	Laccase
	Increased enzyme stability and reusability
	Anthracene biodegradation.
	[85]



	Rice husk, egg shell membrane
	Covalent
	Lipase
	High immobilization efficiency for rice husk (81%) and eggshell membrane (87%)
	-
	[86]



	Tomato peels
	Covalent
	Pectinase
	High thermal and pH stability, reusability, and storage stability of immobilized biocatalyst
	Lycopene production
	[87]



	Fruits peels and scraps
	Covalent
	Pectinase and cellulase
	80% of residual activity retained for magnetic biocatalyst after ten cycles
	Antioxidants production
	[88]



	Dairy waste
	Cross-linkage
	Lactase, glucose isomerase
	Improved transglycosylation activity of enzyme for improve lactulose yield
	Prebiotics production
	[89]



	Green coconut fiber
	Covalent
	Laccase
	100% activity after 10 cycles
	Clarification of apple juice
	[90]



	Chicken Feather
	Covalent
	Laccase
	94.32% after 3 weeks of storage
	Oxidation of Veratryl alcohol
	[76]



	Carboxymethyl cellulose nanoparticles
	Covalent
	Lipase
	Immobilized enzyme with higher activity and stability
	Diverse applications in food industry
	[91]



	Dialdehyde starch nanoparticles
	Adsorption
	Lipase
	High stability (82.5%) and recycling rate (53.6%)
	Food processing
	[92]



	Graphene oxide- magnetite naoparticles
	Covalent
	α-amylase
	Enhanced stability and half life of immobilized enzyme
	Maltose containing syrup production
	[93]



	Alginate beads
	Covalent
	Pectinase
	Improved thermostability of immobilzed enzyme
	Juice processing
	[94]



	Alginate-gelatin hydrogel matrix
	Cross-linkage
	Lipase
	High thermal stability (96% activity)
	Fatty acid production
	[79]
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Table 2. Different enzyme engineering strategies and engineered biocatalysts.
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Method

	
Enzyme

	
Source

	
Improved Properties

	
References






	
Directed evolution

	
α-amylase

	
Bacillus cereus GL96

	
Higher pH and thermostability

	
[102]




	
β-glucosidase A

	
Clostridium thermocellum

	
Higher thermostability and catalytic activity

	
[103]




	
Lipase

	
Proteus mirabilis

	
4.3-fold catalytic efficiency and enhanced stability of enzyme

	
[104]




	
Amylase

	
Bacillus licheniformis R-53

	
Enzyme with better effects in delaying recrystallization, reducing hardness, improving elasticity of bread dough

	
[105]




	
β-glucosidase

	
Pichia pastoris

	
Better saccharification efficiency

	
[106]




	
Rational design

	
Serine peptidase

	
Pseudomonas aeruginosa

	
High thermostability and catalytic activity

	
[107]




	
Lipase

	
Candida rugosa

	
Higher enzyme esterification yield (88.0%) and retained 72.7% of initial activity

	
[81]




	
β-glucosidase

	
Talaromyces leycettanus

	
Improved substrate affinity and catalytic efficiency

	
[108]




	
α-amylase

	
Bacillus licheniformis

	
High specific activity and thermostability (70 °C)

	
[109]




	
α-amylase

	
Bacillus subtilis

	
Improved hydrolytic pattern of engineered enzyme

	
[110]




	
Computational designs

	
Lipase

	
Rhizopus chinensis

	
High catalytic efficiency (700%), potential for propeptide to shift the substrate specificity

	
[111]




	
Lipase

	
Yarrowia lipolytica

	
Increased reaction rate and enzyme recyclability

	
[112]




	
Lipase

	
Pseudomonas aeruginosa

	
Increased enzyme stability and activity by creation of α-helix hotspots after immobilization

	
[113]




	
Glucose oxidase

	
Aspergillus niger

	
Improved catalytic efficiency with high gluconic acid yield (324 g/L)

	
[114]
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