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Abstract

:

Cheese is a dairy product with potential health benefits. Cheese consumption has increased due to the significant diversity of varieties, versatility of product presentation, and changes in consumers’ lifestyles. Spoilage of hard and semi-hard cheeses can be promoted by their maturation period and/or by their long shelf-life. Therefore, preservation studies play a fundamental role in maintaining and/or increasing their shelf-life, and are of significant importance for the dairy sector. The aim of this review is to discuss the most effective methods to ensure the safety and sensory quality of ripened cheeses. We review traditional methods, such as freezing, and modern and innovative technologies, such as high hydrostatic pressures, chemical and natural vegetable origin preservatives, vacuum and modified atmosphere packaging, edible coatings and films, and other technologies applied at the end of storage and marketing stages, including light pulses and irradiation. For each technology, the main advantages and limitations for industrial application in the dairy sector are discussed. Each type of cheese requires a specific preservation treatment and optimal application conditions to ensure cheese quality and safety during storage. The environmental impact of the preservation technologies and their contribution to the sustainability of the food chain are discussed.
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1. Introduction


Extending the shelf-life of food products has long been a significant concern for the dairy industry. Traditionally, this utilized natural atmospheric conditions, such as sun drying in summer, and cold and freezing in winter, and the advantages of natural fermentation for cheese preservation [1]. In recent years, active and intelligent packaging and non-thermal technologies have emerged to prevent the deterioration of perishable food products.



Cheeses can be made from different types of milk and processing technologies, and ripened for different periods, resulting in numerous varieties with a wide diversity in terms of texture, flavor, and shape. Hard and semi-hard cheeses are versatile nutrient-dense dairy products. Although these are highly valued, from a health perspective, significant controversy exists among consumers and in the scientific community. Cheese contains saturated fatty acids, cholesterol, and salt, which have been associated with cardiovascular disease (CVD) risk; however, cheeses also contain a range of nutrients that are potentially beneficial to health [2,3,4]. Recent studies indicate that not all saturated fatty acids raise the content of cholesterol in plasma in the same manner, and that some saturated and trans fatty acids in cheese may play a beneficial role in human health. Moreover, other healthy components present in cheeses are conjugated linoleic acids (CLA) and phospholipids from the fat globular membrane [2,3,5]. In this regard, fermented dairy products have been proposed as functional foods with a cholesterol-lowering effect and, therefore, with a protective effect against CVD compared to non-fermented dairy products. The so-called French paradox, in which low mortality from coronary heart disease has been observed despite the high cheese intake by consumers, is an important consideration in the nutritional assessment of cheese consumption [4,6]. A recent study reported that increased dairy consumption may contribute to a lifestyle associated with a reduction in CVD risk [7]. In addition, bioactive components are generated during cheese fermentation, such as gamma aminobutyric acid, which favors the survival of probiotic microorganisms [8].



Cheese also contains digestible proteins of high biological value. During cheese ripening and food digestion, caseins are hydrolyzed and peptides with antioxidant capacity are generated. The addition of an adjunct culture and a long ripening time increases the formation of peptides and enhances the antioxidant capacity. Some of these peptides are also a prominent source for nutraceutical functional foods [2]. Many of the fat-soluble vitamins are held in cheese fat. Although some water-soluble vitamins may be lost during whey drainage, folate, niacin, B12, and riboflavin remain in sufficient quantities in the cheese matrix to have a significant effect on human nutrition. In addition, propionic acid bacteria synthesize considerable levels of vitamin B12 in hard cheeses [2]. Ripened cheeses are an important source of minerals, particularly calcium (Ca) and phosphorus (P). The calcium in cheese is highly bioavailable due to the formation of complexes with peptides and its high content promotes fat excretion and reduces blood pressure. Similarly, cheese is a good source of this mineral for lactose intolerant individuals [6]. The acid phosphatase enzymes aid in the generation of phosphorylated peptides, which also have beneficial health effects. In this regard, IDF [9] indicates that the elimination of dairy products from diets may result in a loss of calcium and other essential nutrients for part of the population. Sodium (Na) is a nutrient that should be reduced in the diet, but it is estimated that cheese adds only about 5–8% of the total Na intake [2]. A recent study reported that the intake of Na from cheese may prevent induced vessel alteration by reducing oxidative stress, rather than the intake of Na from non-dairy foods. Therefore, cheese intake may be an effective dietary strategy to reduce the risk of CVD in healthy older adults without salt-sensitive blood pressure [7]. Therefore, cheese is a highly valued product by consumers and its consumption has increased in recent years because, among other reasons, a significant proportion of consumers perceive it as a healthy food.



The European Union (EU) is the world’s leading cheese producer, followed by the United States (USA). Combined, the two areas account for around 70% of the global production. In total, EU countries produced 8959 million metric tons of cheese in 2010, and in 2020 the EC production was 10,350 million metric tons [10]. Global cheese production is expected to increase progressively until 2027, with developed countries increasing milk production by 9%. Of this increased milk production, 37% is expected to be used to make cheese [11]. Cheese consumption has grown in all global regions; USA and, in particular, the EU, are the main cheese consuming areas. In 2010, around 17 kg of cheese per person/per year was consumed globally, and this amount increased to 18.44 kg cheese per person in 2020 [12]. The EU has recently expanded cheese exports to Canada and the Russian Federation, and it is expected that China and Egypt will double cheese imports by 2027. In addition, other regions, such as the Middle East and North Africa, will become key destinations, accounting for 19% of global cheese imports by 2027, because cheese has been progressively introduced into the diets of their consumers [11]. The increase in global cheese consumption is also due to changes in food habits, particularly in East Asia, where the use of cheese as an ingredient in snacks and processed meals has increased. Thus, cheese preservation methods are highly important for the dairy industry in order to increase cheese consumption.



Cow’s milk cheeses are produced in the greatest quantity throughout the year, whereas the production of small ruminant milk cheeses is lower and seasonal [13,14,15]. Evidently, this seasonality affects the regularity of cheese manufacture during the year, in addition to the milk composition. In this respect, because the manufacturing time is not long, the shelf-life of these cheeses during which they retain their optimal sensory characteristics is short [16,17]. Therefore, an adequate preservation method is extremely important for hard and semi-hard cheeses, to increase the availability for a longer period without changing their sensory characteristics.



The Codex Alimentarius classifies cheese varieties according to their composition and consistency parameters and ripening times, taking into account the percentage of moisture without fat. The extra-hard specification refers to cheeses with a moisture content less than 51%. Cheeses with a moisture content between 49–56% and 54–69% are called hard and semi-hard cheeses, respectively. Soft cheeses have a moisture content higher than 67% [18]. The Spanish regulation indicates that semi-hard (semi-cured) cheeses must have a minimum ripening time of 20 days (cheese weight less than 1.5 kg) or 35 days (cheese weight greater than 1.5 kg), depending on the cheese weight when the cheeses are marketed. By comparison, hard (cured) cheeses must be ripened for at least 45 or 105 days, depending on whether the cheese weighs less than 1.5 kg [19].



Changes in protein and fat content in cheese during ripening are responsible for many important nutritional and sensory properties. Chemical reactions such as lipolysis may also occur during cheese storage. This is an important biochemical reaction responsible for generating the desired flavor of many cheese varieties. However, excessive amounts of short-chain fatty acids can lead to a rancid off-flavor in ripened cheeses [20]. In contrast, proteolysis breaks down proteins into peptides and amino acids, generally improving cheese texture and flavor. The hydrolysis of peptides and catabolism of amino acids, fatty acids, and lactic acid results in the formation of volatile compounds that strongly influences the cheese flavor. However, this hydrolytic process can also lead to an increase in the concentration of substances that are toxic to human health, such as biogenic amines [21]. Cheese ripening followed by a long storage period may cause economic losses to cheese makers if degradation processes occur due to inadequate storage conditions [22]. Therefore, it is highly important to avoid the deterioration of the dairy product at all stages. Although hard and semi-hard cheeses have a reasonably long shelf-life, this may be limited by several factors during the maturation and storage periods, so effective conservation techniques should be employed prior to commercialization [23]. Microbial lipases and proteases can generate off-flavors, strange colorings, and mycotoxins, which decrease the cheese quality and safety [17]. Moreover, the cost of preservation treatments to prevent or control the surface growth of molds and yeasts in cheeses is high [24]. These treatments aim to reduce spoilage microorganisms and eliminate pathogens without affecting the lactic bacteria responsible for the final characteristics of the cheese. Exposure of cheese to heat, oxygen, and light stimulates enzymatic oxidation reactions that can produce different degradation processes, such as discoloration, production of off-flavors, nutrient loss, and formation of toxic substances [23]. Light-induced oxidation of photosensitive substances in cheese, such as riboflavin and carotenoids, also requires the presence of oxygen [25,26]. The removal of oxygen in the atmosphere surrounding the cheese surface may prevent degradation processes during storage and marketing. The characteristics of whole cheeses are also susceptible to changes due to environmental factors, when sold unpackaged. Therefore, optional preservation methods to be applied during storage and marketing should be specifically investigated for each cheese variety.



Due to these reasons, cheese preservation plays a fundamental role in increasing the shelf-life of the product, and is of significant importance to the cheese industry. The aim of this review is to discuss the main contributions presented in the scientific literature on the methods to preserve hard and semi-hard cheeses, from the traditional to the most innovative. For the different technologies, in addition to reviewing the information reported about the impact of the preservation methods on the cheese quality and safety, the main benefits and limitations for their industrial application is also discussed. Other aspects of interest that are taken into account in this review are the environmental impact, the contribution to the sustainability of the food chain, and the consumer preferences.



The bibliographic search was performed in the following electronic databases: Web of Science (Clarivate Analytics, London, UK), Scopus (Elsevier, Amsterdam, The Netherlands), and Google Scholar (Google, Mountain View, CA, USA).



The search terms used were the following: [Cheese OR Hard cheese OR Semi-hard cheese OR Ripened cheese OR Ewe cheese OR Goat cheese] AND [Composition OR Nutrition OR Production OR Consumption OR Freezing OR High hydrostatic pressure OR Additives OR Natural preservatives OR Vacuum packaging OR Modified atmosphere packaging OR Edible coating OR Active packaging OR Light-emitting diode OR Pulsed light OR Irradiation].



The search strategy focused on the following aspects of interest: preservation technology, study design, conditions, type of cheese, shelf-life, changes produced, main results, benefits, and limitations.



In the first step, the studies were selected based on the title and abstract. In the second stage, the full text of the articles was read. Backward citation tracking was used to find other relevant studies. The search was last updated on June 2021. No time or language filters were applied. Exclusion criteria included irrelevance and studies referring to other different types of cheeses (no hard or semi-hard cheeses).




2. Freezing and Frozen Storage


Freezing allows food to be preserved for long periods, while also maintaining a high nutritional quality. This process consists of lowering the food temperature below its freezing point, which causes water crystallization, significantly inhibiting microbial growth and biochemical reactions. The formation of ice crystals can cause physical damage to the food structure [27]. This technique is widely used in the food industry, and authors have described the influence of freezing and frozen storage on the characteristics of hard and semi-hard cheeses [14,28].



This storage method may enable the accumulation of a long-term stock cheese reserve for the dairy industry, and this advantage is more important for seasonal production cheeses, such as ewe’s and goat’s milk cheeses [13,14,15]. Thus, to regulate the market for these seasonal cheeses, several frozen storage tests have been carried out, with little success. Freezing milk or freezing concentrated milk before cheesemaking have been described in the literature, but significant organoleptic defects have been observed in cheeses when freezing at −15 and −27 °C. Total viable counts and coliforms decline faster at −15 °C than at −27 °C [29]. However, some authors [30] reported that good quality cheese can be obtained from frozen sheep milk at −15 and −25 °C for up to 6 months, without influencing cheese yield or composition. Freezing the cheese curd has traditionally been considered as a useful option to regulate the seasonal cheese market. In this regard, it was found that freezing produced significant changes in the microstructure of Crottin de Chavignol goat cheese and reduced the total lactic acid bacteria (LAB) count by 2 log units [31]. Hispánico cheese of satisfactory texture and sensory properties was obtained by mixing frozen ewes’ milk curd with fresh cows’ milk curd with no significant differences in LAB count [32]. However, few authors have studied the impact of the freezing process on the characteristics of hard and semi-hard cheeses [14,28]. Freezing of ripened cheeses has also been attempted to slow the over-ripening process and extend the cheese shelf-life by inhibiting or reducing enzyme activities and chemical reactions [16]. Results reported for Motal cheese showed that the storage at −18 °C reduced the formation of excessive amounts of free fatty acids (FFAs) and led to volatile compounds and little decline in LAB count, resulting in the maintenance of the product quality and extended shelf-life [28].



The optimization of the freezing method, storage conditions (temperature and time), and thawing are crucial factors, because the preservation should preserve the desirable qualities of the final product. In addition, the product quality depends on the type of cheese, its composition, and ripening time [33,34]. Depending on the transition from water to ice, the internal structure of the cheese matrix can be damaged, thus altering cheese texture properties [35]. Fat, moisture, and salt contents play a critical role in frozen cheese properties. Thus, low moisture cheeses resist frozen storage better than high moisture cheeses. In addition, a higher fat content helps cheese to resist structural changes during frozen storage. A high fat content in cheese was reported to maintain the ice crystal size below 50 µm in diameter [36]. By comparison, low protein hydration during the freezing process is one of the main causes of defects in the texture, resulting in insufficient elasticity, and a crumbly and powdery product. It was reported that, at −20 °C, the water-holding capacity of proteins and the hydrophilic properties of curds were preserved in some Russian semi-hard cheese varieties. When using lower freezing temperatures, a transition of the micelle-bound water into ice occurred, and there were structural changes that led to the appearance of an additionally elastic and crumbly cheese consistency [34].



Fontecha et al. [37] studied the textural and microstructural characteristics of semi-hard sheep cheeses submitted to slow freezing at −35 °C (plate freezer, 1.55 cm/h) and fast freezing at −80 °C (liquid nitrogen vapor, 4.0 cm/h), and subsequent ripening after thawing. In both treatments, cheeses were frozen up to −20 °C and storage at −20 °C for four months. The results showed that a slow freezing rate together with a longer period of frozen storage increased the deformation of the cheese matrix and decreased the share strength and firmness of the thawed cheeses. Slowly frozen cheeses presented a more extensive breakdown in their microstructure with longer cracks than fast frozen cheeses, for which textural properties were closer to those of the unfrozen cheeses. Nevertheless, the subsequent ripening process tended to offset the changes in the cheese matrix and to equalize the characteristics of the final products, both frozen and non-frozen. Tejada et al. [13,38] investigated the effect of the freezing rate (slow at −20 °C and fast at −82 °C) and frozen storage time (9 months at −20 °C) on the properties of a ewe’s milk cheese after 90 ripening days. No significant effect was observed for the two freezing treatments on the chemical and microbiological characteristics of the cheeses, and graininess of the cheese was only slightly greater in slowly frozen cheeses. There were no significant differences compared with control cheeses and between the two freezing rates for total viable counts and enterococci, Enterobacteriaceae, coliforms, staphylococci, molds/yeasts, and micrococci. Leuconostoc and lactobacilli showed a gradual decrease that was more accentuated at the end of the storage period (9 months). This study concluded that chemical and microbiological composition, and sensory properties of the cheeses, did not change after six months storage at −20 °C. Similar results were published for a 180 day ripened Manchego-type cheese stored at −20 °C for six months. The microbiological results exhibited similar counts for total viable microorganisms, LAB, and molds and yeasts, in contrast to micrococci and staphylococci that decreased during the frozen storage [14].



Similarity, freezing at −20 and −30 °C after 42 ripening days and frozen storage at −10 and −20 °C did not affect the content of moisture, fat, and total nitrogen in semi-hard Serpa sheep cheeses. However, higher values of non-protein nitrogen and hardness were found, and some color parameters changed (more luminous and more yellow-green), in the frozen cheeses after 12 months of storage. In addition, the damage reflected in cheese properties was diminished using storage temperatures of −20 °C in comparison to −10 °C. In this case, slow or fast freezing did not affect the physico-chemical cheese properties [39].



The usefulness of the freezing process for the conservation of some goat’s milk cheeses with different ripening times has also been reported [40,41]. Minimal flavor effects were observed in a goat cheese variety after six months storage at −20 °C. Five years of frozen storage at −20 °C had minimal effects on cheese flavor, and only a more granular and pasty texture was observed [15]. The protein bound water does not crystallize at −20 °C, and its physical properties remain unchanged [34]. Thus, this temperature suits the maximum level of maintenance of the protein structure, whereas other freezing treatments result in low quality cheeses due to the chemical reactions caused by the presence of a high quantity of the unfrozen solution and by the freezing of the bound water.



The low-temperature processing and storage ensure longer cheese preservation of up to a year or more, and can be beneficial for the profitability of the dairy sector and beneficial for the environment (lower energy consumption) [34]. Additionally, it was described that storage at freezing temperatures of Motal semi-hard cheese hindered the formation of biogenic amines after 180 days of storage, which contributed to healthier aged cheeses [28]. However, this conservation technique can have several drawbacks. To avoid freezing burns, cheeses must be packaged, and this pre-treatment involves the use of waterproof materials such as plastics, which is not a preferred option due to environmental and sustainability concerns, in addition to current legislative restrictions. Furthermore, the cold chain may break down during storage or transport and cause alterations in the cheese.



In general, the flavor and nutritional characteristics of the cheeses are not altered during frozen storage. In order to preserve cheese texture, several studies propose the use of a storage temperature of −20 °C rather than lower temperatures. Although freezing of milk, curd, or cheese has been proposed as an interesting option to regulate the market of seasonal products, this preservation technology is not currently used industrially for ripened cheeses.



Different innovative freezing processes are currently being tested to improve the quality of frozen foods. Johnston [42] investigated the potential of pressure-shift freezing at −20 °C at 200 MPa followed by pressure thawing of the cheese, with the aim of maintaining, as much as possible, the rheological characteristics of some cheese varieties. Although this innovative treatment can partially counteract changes in the rheological properties of Cheddar cheese, the frozen cheeses were still distinguishable from fresh cheeses in terms of texture parameters, such as deformation and compression at fracture. Many of these particular freezing techniques are still in the industrial development phase, and involve a high capital cost. For this reason, it is important to consider the product quality versus cost for the application of these preservative techniques to the dairy industry [27].




3. High Hydrostatic Pressure (HHP) Processing


HHP processing is probably the most advanced non-thermal emerging technology used for food processing at present time. Equipment for large-scale production with HHP is now commercially available, demonstrating the fast development that is taking place in the food industry sector [43]. During HHP treatment, the product is subjected for a short time period (10–20 min) to a very high pressure level (400–600 MPa is normally used at the industrial scale) and a temperature below 45 °C. Based on the isostatic principle, pressure applied in HHP treatments is transmitted instantaneously and uniformly throughout food, regardless of size, shape, and composition [44]. This conservation treatment extends food shelf-life, and preserves nutritional characteristics and sensory attributes [45,46].



HHP treatments have been described as being effective in reducing pathogenic and spoilage microorganisms in cheeses, and can produce biochemical changes due to alteration of proteolysis and lipolysis activities. Therefore, the shelf-life varies because ripening can be accelerated using HHP treatments with low to moderate pressures (200–400 MPa), and storage cost can also be reduced [47,48]. In addition, it has been reported that pressures higher than 500 MPa cause a proteolysis reduction that prevents over-ripening of fresh, soft, and semi-hard cheeses, and slows chemical and enzymatic reactions that continue during refrigerated storage, at retail locations and at home [49,50,51].



Inactivation of microorganisms is due to morphological, biochemical, and genetic alterations that take place under high pressures. Gram positive (+) bacteria are more resistant to high pressure than Gram negative (−) bacteria, because the former are inactivated with treatments of 500–600 MPa, whereas 300–400 MPa are needed for the latter, in both cases using 10 min and 25 °C. Therefore, LAB present in milk can survive, whereas pathogenic microorganisms are eliminated. Rod-shaped bacteria are more sensitive than cocci, and endospores are highly resistant to HHP treatments, particularly Clostridium spp., which usually requires pressures around 1000 MPa. This is a significant issue when aiming to prevent late blowing defects in ripened cheeses. Because yeast and mold vegetative forms are the most pressure sensitive [52], HHP can prevent their growth during storage [53].



Microorganisms are more sensitive to high pressure treatments in a buffer solution than in the cheese matrix. A starter with Lactococcus lactis in a buffer solution was subjected to HHP in the range of 100–400 MPa for 20 min to produce microbial lysis and release enzymes to accelerate cheese maturation. Simultaneously, 1-day-old cheese with the same untreated strains was submitted to HHP. In the latter case, the HHP conditions did not improve starter autolysis [54]. A HHP treatment of 200 MPa for 20 min was applied either to starters (Streptococcus thermophylus, L. lactis, and Lactobacillus bulgaricus) or to ripened sheep cheese at the beginning of ripening, and cheese characteristics were compared with those of untreated control cheeses. All cheese samples were stored for 90 days at 4 °C. Cheeses from HHP-treated starters presented the higher sensory scores, and no bitterness was detected during storage. Secondary proteolysis was higher in these cheeses than in the other cheese samples, whereas the HHP-treated cheeses showed the highest aminopeptidase activity [47].



When high pressure treatment is applied to milk, microbiological quality comparable to that of pasteurized milk can be achieved [55]. Thus, thermal milk pasteurization can potentially be replaced by HHP treatment for cheesemaking [56]. However, milk HHP treatments can modify the physico-chemical structure of proteins, causing the fragmentation of casein micelles and denaturation of whey proteins, mainly due to the generation of non-covalent disruptions [57,58,59].



HHP processing is applied to cheese rather than to starters or milk [60]. HPP treatment has been shown to be an effective tool in eliminating cheese-borne pathogens. Such is the case with Escherichia coli tested in model semi-hard cheeses [61] or Listeria spp. in Ibores cheese [62]. However, the optimal processing parameters and the best time for HPP application may vary depending on cheese variety [51]. In this regard, cheese defects of microbial origin can be controlled by HPP treatments. Coliform growths responsible for the early blowing defect, particularly in cheese made from raw milk, can be limited using moderate HPP treatments (200–400 MPa) [45,50,63]. It was reported that pre-treatment of cheese at moderate pressure (300–500 MPa) induced the germination of Clostridium tyrobutyricum spores but a further high-pressure HPP treatment increased the microbial lethality [64]. In vacuum-packed 7-day ripened sheep cheese, the HHP treatment at 300 MPa avoided the late blowing defect, but these pressurized cheeses showed a fracturable texture and low color, and the generation of certain volatile compounds was retarded [48].



Moschopoulou et al. [60] indicated that HHP treatment at 200 or 500 MPa applied to sheep cheese after 15 ripening days did not modify the cheese chemical composition. HHP treatments at 200 MPa were sufficient to inhibit coliform growth, and 500 MPa significantly delayed the growth of other microorganisms (total aerobic mesophiles, thermophilic starters, and non-starter bacteria (NSLAB). Arqués et al. [63] found a significant reduction of spoilage microorganism using HHP treatments (300–400 MPa for 10 min) applied to raw milk ewe’s cheeses after 2 and 50 ripening days. HHP applied to 50 day matured cheeses did not affect their sensory properties, whereas the treatment applied at early ripening stages had a negative effect on cheese flavor. Similar results were obtained when pressures of 400 and 600 MPa were applied at three different ripening times (1, 30, or 50 ripening days) to raw goat’s milk cheeses. Both HHP treatments reduced undesirable microorganisms in all cases. However, both HHP treatments applied at the first ripening day changed the texture profile, appearance, and flavor. In the case of a 600 MPa treatment applied to cheese at 30 and 50 ripening days, no sensory and proteolytic changes were observed, whereas spoilage microorganisms experienced a greater reduction. The content of short chain FFAs only decreased in cheeses treated at 600 MPa at the first ripening day. Medium and long FFA content did not vary with any of the HHP treatments [45,65]. Inácio et al. [56] reported a significant reduction in the microbial count of Enterobacteriaceae, Listeria innocua, molds and yeasts in raw milk ewe’s cheeses treated with high pressure. HHP treatment (400–600 MPa) applied to cheese at 45 ripening days did not significantly modify its physico-chemical characteristics, although lipid oxidation was reduced in comparison with non-pressurized cheeses after 100 ripening days. Treatments of 400 MPa for 20 min in Cheddar cheese slurries inoculated with microorganisms produced a 3 log unit reduction in Staphylococcus aureus, and 6 and 7 log reductions in E. coli and Penicillium roqueforti, respectively, in addition to a reduction in the growth of molds and yeasts [53].



The application of HPP to cheese during ripening may lead to either the acceleration or the reduction of the ripening process. HHP treatments can influence cheese proteolysis by modifying the conformational structure of the proteins, activation or inactivation of proteinases, and inhibition or acceleration of the microbial growth and metabolism [66]. Studies showed that pressure intensity and the time of application are crucial to maintain the cheese’s texture and flavor characteristics [54,60,65]. Changes during ripening can be due to an increase in primary or secondary proteolysis when using 200–400 MPa HHP treatments. The mechanism by which ripening is accelerated is still unclear and further research is needed. HHP treatments induce conformational changes in proteins, affecting the enzyme modulation sites [47]. In this regard, some authors have attributed the enhanced proteolysis to cell lysis and enzyme release. In addition, a higher pH value (0.1–0.2 units) in HPP-treated cheese is more favorable for starter peptidase activity and can improve proteolysis during cheese ripening [67,68]. Proteinases and peptidases responsible for peptides and free amino acid (FAA) release can be modified by HHP treatments and, consequently a reduction in ripening time can be expected in most cases [47,48,69].



Edam cheese proteolysis was examined with the aim to determine the possibilities of accelerating the cheese ripening process, or cheese preservation. Cheese samples were subjected to pressures of 200 and 400 MPa, after salting and after four, six and eight ripening weeks. Control samples were traditionally ripened Edam cheeses. Pressures of 200 and 400 MPa had no significant effect on proteolysis, although HHP treatments improved cheese consistency [70]. By comparison, a 100-fold reduction in LAB growth together with a retarded growth of NSLAB was observed in a 180-day-old Cheddar cheese when 400 MPa HHP treatment was applied for 10 min on the first day post-processing. In this case, there was little effect on the primary proteolysis, because the activities of chymosin and plasmin were not affected by the treatment. The HHP-treated cheeses showed color alteration. After 90 ripening days, these cheeses presented higher scores in some sensory attributes (animal cooked fat flavor and butter odor), but the overall flavor intensity was lower in HHP-treated cheeses than in untreated cheeses [71]. Several references describe the effect of HHP on different types of cheese during ripening; Cheddar [54,72], Hispánico [73,74,75,76], Serena [77], ewe’s milk [68], and Reggianito cheese [69]. Moreover, the effect of HHP (600 MPa) on partial or total inactivation of microorganisms and enzymes is effective in retarding proteolysis and lipolysis, and in reducing the formation of some undesirable volatile compounds [51].



The reduction in biogenic amine content induced by HPP is mainly due to the elimination of NSLAB with amino acid decarboxylation activity [51]. HHP treatments of 400 and 600 MPa applied for 5 min to ewe’s milk cheeses at 21 or 35 ripening days were found to be useful to reduce the formation of biogenic amines in 60-day-old cold-stored cheeses. The 600 MPa level was more effective than that of 400 MPa. The decline in biogenic amines was attributed to reduced counts of enterococci and lactobacilli in HHP-treated cheeses, the decrease in decarboxylase activity, and the low concentration of FAAs [78]. From day 180 onwards, similar HHP effects on the biogenic amine content were found in raw cow’s milk cheese, with similar HHP treatment applied at 14 or 21 ripening days. Lower short chain FFA concentrations in cheeses treated with 400 or 600 MPa were found in comparison to untreated cheeses after 140 ripening days; this may be due to a lower esterase activity in HHP-treated cheeses. By comparison, no significant differences were observed in flavor preference and intensity between HHP-treated and untreated cheeses, but bitterness was higher from day 60 onwards in 400 MPa-treated cheeses [50,79].



To achieve more regular cheese production throughout the year and reduce the storage time, particularly for ewe’s and goat’s cheeses, HHP has been applied to raw milk curd followed by frozen storage. The ewe’s raw milk curd was treated at 400 or 500 MPa, and goat’s raw milk curd at 400 MPa, for 10 min and kept frozen at −24 °C up to five months. Cheese manufacture was a mix of 20% (by weight) HHP-treated ewe’s curd and 80% of freshly made curd from pasteurized cow’s milk. In goat cheesemaking, the mixture of HHP-treated and freshly curd was 30:70. Control cheeses were made with the same curd mixtures but without HHP treatment. For both sheep and goat cheeses, at day 60, no differences were found between control and experimental cheeses in total viable microbial counts, Gram (−) bacteria and LAB growth, but staphylococci presented higher counts in 400 MPa-treated ewe’s cheeses than in the other cheeses. Aminopeptidase activity showed the same levels in pressurized cheeses as in control cheeses for both sheep and goat cheeses. Proteolysis was higher in cheeses made with all pressurized curds, and a greater release of FAAs in ewe’s cheeses treated at 500 MPa was observed. Esterase activity and total FFAs showed higher levels in treated cheeses at 400 MPa than in control cheeses. Long chain-FFAs were 11% lower in goat-pressurized cheese, whereas no significant differences were found for short- and medium-chain FFAs. In the same manner, no differences were observed in the sensory attributes between control and pressurized cheeses, with the exception of flavor quality scores, which were higher in goat-pressurized curd cheeses. In addition, these authors indicated a potential benefit for the cheese industry by increasing the yield and reducing the ripening time of the pressurized ripened cheeses [80,81].



The results described above indicate that HHP treatments have been applied to starters, milk, curds, and hard and semi-hard cheeses at different ripening days. HHP treatment at moderate doses (200–400 MPa) can be a reliable technique to reduce or eliminate cheese pathogens and undesirable microorganisms that cause defects in cheeses. However, spore-forming bacteria, such as Clostridium spp., need higher pressures (over 1000 MPa) to be effective. Many studies on HHP treatments have focused on accelerating or delaying cheese ripening in order to diminish storage costs or produce cheeses with optimal sensory characteristics after long storage periods. Moderate pressures (100–400 MPa) tend to accelerate proteolysis and, in consequence, shorten ripening and storage time, so these treatments could be especially useful for hard cheeses. Higher pressures (>500 MPa) are usually more effective in delaying proteolysis and lipolysis, and may be useful in the case of semi-hard cheese production. Ripening modulation can benefit small ruminant seasonal cheeses, and may be used to overcome seasonal shortages or production surpluses. Furthermore, the optimal ripening time for applying HHP treatment is another factor that should be taken into account. In this regard, the pressurization applied during the first ripening days leads to significant biochemical and sensory changes in cheeses. When the pressurization treatment is applied at later ripening stages, cheese flavor is little affected. The color, flavor, and texture of pressurized cheeses are often the most affected sensory parameters, independently of the HHP treatment and application ripening time.



A limiting factor is the high equipment cost. Thus, a significant proportion of newly installed HPP equipment operates under a toll service regime [51,52,82]. From an environmental perspective, another unfavorable aspect is the use of plastic packaging materials necessary to apply the pressurization treatment. HHP has good potential to be applied to ripened cheeses in order to prolong their shelf-life, but further studies are necessary for each cheese variety to optimize HHP conditions, and to verify the effects of pressurization treatments on biochemical, textural, and sensory characteristics of cheeses.




4. Food Additives


The direct addition of additives to foods is one of the simplest and oldest preservation techniques used to extend their shelf-life. At present, cheese preservation is often undertaken via chemical or biological additives. These substances are added to cheese in order to avoid defects caused by microorganisms, and extend the cheese’s shelf-life, improve its physical properties and chemical composition, and preserve its nutritional value [23,43].



4.1. Regulated Additives in the European Union for Ripened Cheeses


Food preservatives approved in the EU that can be used for ripened cheeses are subdivided into three functional groups: antimicrobials, antioxidants, and antibrowning compounds. These compounds are added to the milk vat during cheesemaking, either as antimicrobials and antioxidants, or to the cheese as surface protectors against undesirable agents. The additives approved for ripened cheeses are lisozyme, sorbic acid/sorbates, nisin, natamycin, hexamethylene tetramine (HTM), nitrates/nitrites, and propionic acid/propionates [83].



Lysozyme is an enzyme present in nature and abundantly in the egg white, from which it is usually extracted for industrial use. This enzyme has gained considerable attention as a preservative in the food industry due to its natural origin. It is a bactericidal agent against Gram (+) bacteria, such as LAB and clostridia, and to a lesser extent to Gram (−) bacteria. Thus, its industrial application is limited [84,85]. This enzyme (E-1105) has been used to prevent the “late blowing” defect in hard and semi-hard cheeses because it is effective in lysing C. tyrobutyricum and C. perfringens vegetative cells [86,87]. Previously, nitrates were added to milk instead of this enzyme; however, lysozyme is now a preferred option in order to reduce the level of nitrosamines in food [86,88]. The addition of lysozyme to milk during cheesemaking of ripened cheeses is allowed in quantum satis in the EU [83], but lysozyme content in cheese varies between 30 and 382 mg/kg [89] or 100 and 350 mg/kg [84]. Lysozyme added to milk (20 g/1000 L) did not compromise the functionality of the most relevant LAB in Grana Padano cheese, but significant arginine degradation was observed [87]. This fact could be due to the presence of Lactobacillus fermentum and Lactobacillus rhamnosus, which may contribute to the strain’s ability to degrade arginine. Soggiu et al. [90] assayed two milk vats containing 2.33 and 3.14 log10 MPN/L of clostridia spores, separately, and 50 mg/kg of lysozyme was added to avoid butyric clostridia growth. They found that, at a low level of clostridia in cheese, lysozyme caused a decrease in Lactobacillus growth but no statistically significant changes for the other genera. Contrarily, at a higher level of clostridia in cheese, no significant change was observed in the Lactobacillus growth. In these latter cheeses, a decrease in several enzymes involved in butyric fermentation was observed, in particular, acetate kinase and butyryl-CoA dehydrogenase. However, none of the above-mentioned studies reported information on the sensory properties of the cheeses. In this sense, a negative lysozyme effect on cheese flavor was observed when comparing pressure-treated cheeses with non-treated cheeses, although there were no significant changes in the microbiological and physicochemical properties of the cheeses [23]. One of the main problems in the use of lysozyme is its allergenic activity; thus, lysozyme addition should be declared on the labelling to satisfy EU regulations [91].



Sorbic acid is a natural compound from fruits that is often synthetically manufactured for commercial use in foods. It is added to food products such as cheese and wine as an antimicrobial preservative, due to its ability to inhibit yeast and mold growth [92]. Sorbic acid and sorbates (E-200/203) are approved in ripened cheeses by EU regulations, but only in prepacked or sliced and layered cheese at a maximum level of 1000 mg/kg (applicable to the sum of both chemical forms where the level is expressed as free acid content) or in quantum satis as a surface treatment [83]. Sorbic salts, such as potassium sorbate (E-202), is often used as food preservative because of its high stability, water solubility, and ease of handling [92]. The sorbate concentration necessary to inhibit microbial growth in cheese surface is around 300 mg/dm2, but knowledge regarding the taxonomy of the spoiling microbiota in each cheese variety is required to evaluate its effectiveness [93,94]. As their potential toxicity is low, these chemical additives are classified as Generally Recognized as Safe (GRAS) compounds, because they are rapidly metabolized by biochemical pathways similar to those for fatty acids [95]. One of the main problems regarding the use of sorbates is the change in the flavor of cheeses [93].



Bacteriocins are peptides synthesized by bacteria that inhibit or destroy other microorganisms [96]. Due to their nature, bacteriocins are rapidly digested by proteases in the human digestive tract and, although they possess antibiotic properties, they differ from antibiotics in their chemical composition and specificity action against strains of the same or related species. Nisin is a bacteriocin produced by strains of L. lactis that has received particular attention from the food industry due to its inhibitory effect against numerous Gram (+) bacteria, and lack of effect on Gram (−) bacteria, yeast, or mold growth [97]. This bacteriocin can permeate cell membranes through a highly efficient, pore-formation mechanism, leading to bacterial death [98]. Initially, this bacteriocin was applied to dairy products to prevent spoilage by clostridia responsible for the late-blowing defect in cheese. It is the only bacteriocin approved as a food preservative by international regulatory agencies, such as the World Health Organization (WHO), and the Food and Drug Administration (FDA) in USA [99]. Nisin (E- 234) is the only bacteriocin also approved in the EU in cheese (12.5 mg/kg ripened cheese) [83], but may be present naturally in certain ripening cheeses due to fermentation processes. The antimicrobial activity of nisin-producing strains of L. lactis has been demonstrated against different microorganisms, such as Listeria monocytogenes in ripened sheep and cow milk cheeses [100,101], and S. aureus, after addition to pasteurized milk [102]. Cheeses made with 0.05% (w/v) nisin added to milk were compared with control cheeses made with milk with no added nisin. After four ripening weeks, no significant differences were detected in physico-chemical parameters (moisture, pH, and tritable acidity), textural parameters, and LAB counts between both types of cheeses. In addition, significantly higher scores of flavor, texture, and overall acceptance were recorded in cheeses made with nisin added to milk [23]. At present, food safety and nutritional quality can be improved by combining the advantages of nisin addition and the application of non-thermal preservation techniques. In this regard, HHP treatments have been applied together with bacteriocin addition to achieve two main purposes, namely, the improvement of cheese microbiological safety and the acceleration of cheese ripening [51,103].



Natamycin, also called pimaricin, is an antifungal food additive (polyethylene antibiotic) produced by Streptococcus natalensis and other similar species [43]. Natamycin (E-235) is authorized by EU regulation only to be used as a surface treatment in hard, semi-hard, and semi-soft cheeses, at a maximum level of 1 mg/dm2 surface (must not be detected at a depth of 5 mm) [83]. This preservative is highly effective against mold and yeast growth, but not against bacteria, and is employed in the range of 1–20 ppm [94]. Yangilar et al. [104] assessed the efficiency of natamycin against mold growth in Kashar cheese after 60 and 90 ripening days using a 0.07% (w/w) additive concentration. No sensory differences were observed between control and natamycin-added cheeses.



The EU regulation also describes HMT and nitrates as effective additives against Clostridium growth. HMT has been described as a preservative (E-239) that has been only approved in Provolone cheese, with a maximum residual amount of 25 mg/kg, expressed as formaldehyde [83], in order to avoid the “late blowing” defect. Elsewhere, its use is not currently approved in USA, Australia, Korea, Japan, Australia, or New Zealand [105]. By comparison, nitrites and nitrates can be present in dairy products from endogenous and exogenous sources [106]. Their use is authorized by EU regulation (E-251/252) only in hard, semi-hard, and semi-soft cheeses with a maximum addition level of 150 mg/L in milk, or an equivalent level if added after whey removal and water addition [83]. The Codex General Standard for Food Additives authorizes a maximum level of 50 mg/kg nitrate residue in cheese [107], whereas in USA nitrates and nitrites are not approved as food additives in cheese [106]. Nitrates are effective in inhibiting Clostridium growth, but their reduction to nitrites can lead to risks to human health. When nitrate and nitrite maximum authorized levels are surpassed, these compounds can produce severe gastroenteritis with abdominal pain, blood in feces and urine, weakness, and unconsciousness [95,108]. At present, there is a marked tendency to replace nitrates with other preservation options in order to reduce the levels of nitrosamines in food products, which may be carcinogenic [86].



Finally, the use of propionic acid and propionates (E-280/283) is approved by EU regulation to be added in quantum satis only as a surface treatment in cheese [83]. These compounds were re-evaluated for their safety as food preservatives by the EFSA Panel on Food Additives and Nutrient Sources added to Food in 2014. The Panel concluded that, for foods as currently consumed, the authorized levels were correct for ripened cheeses [109]. These additives can be added to cheese during ripening and storage as antifungal and antibacterial agents to avoid problems in ripened cheeses [95]. Moreover, propionic acid can be naturally present in many semi-hard cheeses, mainly in those in which propionic acid fermentation occurs. In this respect, a study was conducted [95] of the amount of propionic acid generated during ripening and storage of 16 types of Korean hard and semi-hard cheeses, and of 40 kinds of imported cheese. The results indicated that propionic acid was not detected in domestic and imported hard cheeses, but was detected in imported semi-hard cheeses (Emmental from three European countries—France, Germany, and Switzerland—and Chevrette from Netherlands), and an average content of 18.78 mg/kg was found. The highest concentration was found in smoked cheeses made in the Netherlands (182.28 mg/kg); this high concentration may be due to the employment of Propionibacterium bacteria for cheesemaking. Propionic acid bacteria convert the lactic acid produced by LAB to other organic acids during ripening, resulting in an increase in the cheese pH from 5.3 to 5.8. In the case of Dutch-type cheeses made from pasteurized milk, a low pH and the presence of short-chain organic acids (lactic, acetic, citric, and propionic acids) are important factors contributing to the inhibition of L. monocytogenes growth [110]. Therefore, a prediction of growth/non-growth of L. monocytogenes in cheese containing organic acids was studied. The average minimal inhibitory concentration of undissociated propionic acid against the growth of six L. monocytogenes strains, tested at a pH range of 5.2–5.6 and temperature of 12 °C, was 11.0 mM. Consequently, propionic acid can play an important role in inhibiting the growth of pathogens during cheese ripening [110]. From a human health perspective, propionic acid decreases the fatty acid content in the liver and plasma, diminishes food intake, exhibits immunosuppressive actions, and enhances tissue sensitivity to insulin [111].



The additives authorized in the EU for ripened cheeses are mainly used for inhibition of Gram (+) bacteria, such as Listeria or Clostridium, and/or as antifungals. Nitrites and lysozyme exhibit negative effects on human health, the former due to the transformation into nitrosamines and the latter because of allergies that can occur in sensitive individuals. HMT is only allowed for Provolone cheese. Bacteriocins such as nisin are presently receiving increased attention because they can be used as starter or adjunct cultures with a dual purpose, contributing to flavor and food safety. Consequently, they provide fermentation and conservation simultaneously [99]. The WHO/FAO Committee approved a daily intake up to 33,000 nisin units/70 kg body weight, but the maximum nisin daily intake varies between countries [97]. From a health perspective, bacteriocins can act as modulators of human microbiome with the possibility of addressing metabolic disorders such as diabetes and inflammatory bowel disease. There is a negative aspect at the industrial scale because the use of bacteriocins has a high cost. However, this can be diminished by optimizing fermentation processes and bioengineering strains to maximize bacteriocin production [99].



Fungal spoilage is very common in cheeses, causing significant economic losses for the dairy industry. Antifungals are employed as surface treatments, but problems may occur related to cheese internal contamination with toxins and associated health hazards. Natamycin is very poorly absorbed due to its low solubility in water (approximately 40 mg/kg) [92]; therefore, there is an adequate safety margin in its applications and currently there is no concern regarding antimicrobial resistance induction [43]. Natamycin may be a good option due to its excellent efficacy compared to other fungicides, such as potassium sorbate or propionic acid, in addition to its extremely low migration from the surface to the interior of the cheese matrix [93]. Chemical preservatives may be effective and cost-effective antifungals, but they are counter to the claims of “traditional” products and concerns about health risks. Other new methods currently under study may be of interest, such as biopreservation of fermented dairy products with LAB, propionibacteria, and molds, which are able to produce a vast range of antifungal metabolites.




4.2. Addition of Antioxidant and Antimicrobial Plant-Based Substances


Increased consumer demand for natural foods and longer product shelf-life has led to the investigation of alternatives to replace synthetic preservatives with safe natural products [112]. Since ancient times, plants have traditionally been used as natural flavorings and preservatives, and in cheese have often been included in the form of dried plants, extracts, aqueous solutions, or essential oils (EOs). They can be applied during cheesemaking as ingredients or on the cheese surface to prevent mold growth. In this regard, significant attention has been directed to plant-based products as sources of antioxidants and antimicrobials for dairy products [113], although bioavailability, health benefits, toxicity at high concentrations, and sensory aspects must be taken into account.



Pomegranate rind (Punica granatum) presents antioxidant activity (AA) due to the presence of phenolic compounds that reduce lipid oxidation. Low-fat Kalari cheeses were dipped for 30 s in aqueous solutions of rind pomegranate extracts with concentrations of 1 and 2% (w/w). Cheeses were drained and stored at refrigeration temperatures (1–4 °C) for 28 days in polyethylene bags. For both concentrations of pomegranate rind extract, a significant decrease in oxidative lipid deterioration (thiobarbituric acid and FFA content), and significantly lower microorganism growth, was observed in the dipped cheeses compared to the control cheese (no extract added). Texture, flavor, and overall palatability scores were significantly higher for cheeses dipped with pomegranate rind extracts in comparison with control samples [114]. Pine needles (Cedrus deodara (Roxb.) Loud.) contain bioactive phytochemical compounds, phenolic compounds, and acids with AA, and antimicrobial properties. These extracts were used in the same Kalari cheese model. Aqueous concentrations of 2.5 and 5% of pine needle dry powder were applied by immersion to freshly made cheeses. For both concentrations, a significant decrease in oxidative lipid deterioration and microorganism growth was detected in the cheeses dipped with pine needle extracts. Appearance, texture, flavor, and overall acceptability scores were higher in dipped than in control cheeses [113].



Catechins are a group of flavonoid antioxidants found in many plants and fruits with AA, but these compounds become unstable after a long storage period. Three batches of cheeses made from pasteurized skimmed milk (0.1% fat) containing 125, 250, and 500 ppm of catechins were evaluated for AA. Catechins were added dissolved in 10% polyethylene glycol (PEG) (w/v). Two control batches were made: with no addition of catechin and PEG to milk, and without catechin but with PEG added to milk. Total phenolic content in cheeses increased during the ripening period, mainly in those made with the higher content of catechin. The AA values generally increased with ripening time in both control and treated batches, but the cheeses made with catechin showed higher AA than the control cheeses, suggesting that catechin remained in the treated cheeses during storage [115]. Epigallocatechin-3-gallate (EGCG) has been reported as the main catechin found in the green tea plant (Camellia sinensis) with important preservative potential because it inhibits foodborne diseases and contains antioxidants [112]. This compound is used at low concentrations to protect foods against undesirable off-flavor generation. EGCG was applied by immersion in 0.05 and 0.1% aqueous solutions to a low-fat Kalari cheese. Similar results for antioxidant activity, microbial growth inhibition, and sensory (texture, flavor, and overall acceptability) properties were obtained as those reported for the cheeses dipped with pomegranate rind and pine needle extracts during storage [116].



Dried rosemary (Rosmarinus officinalis L.) shows antibacterial and AA due to its high content of rosmarinic and caffeic acids, in addition to phenolic compounds and flavones. Semi-hard cheeses made with raw and pasteurized cow’s milk were coated with lard in a proportion of 3% (w/w) and dehydrated rosemary at 4% (w/w) after 15 ripening days. There were no significant differences in physicochemical parameters after 60 ripening days (fat, ash, acidity, and protein content), but only rosemary-coated cheeses showed a higher moisture content than uncoated control cheeses due to lard protection. Proteolysis activity was also higher in coated cheeses. No internal color differences were observed between control and rosemary coated cheeses, but the external color of coated cheese presented a more greenish tendency, particularly in pasteurized cheeses. The best sensory panel scores were recorded for the raw milk cheeses coated with rosemary due to a mild aroma and spicy flavor [117].



Novel Mudaffara cheeses were made with the individual addition of powdered spices with AA at different concentrations: 0.2% clove (Syzygium aromaticum), and 0.5% for both black cumin (Nigella sativa) and black pepper (Piper nigrum). Cheeses were stored in refrigeration (7 °C). After eight weeks, clove cheeses recorded the highest AA, followed by black cumin and black pepper cheeses, whereas cheeses with black pepper received the highest sensory acceptance score, followed by black cumin and clove cheeses [118]. Shan and Cay [119] analyzed the antibacterial capacity of five spice and fruit component extracts (cinnamon stick, oregano, clove, pomegranate rind, and grape seed) against two different concentrations (10 and 105 CFU/mL) of S. aureus, L. monocytogenes, and Salmonella enterica in Cheddar cheese stored at room temperature. From each sample of plant powder, 40 g was taken for extraction with 1000 mL of 80% ethanol. The treatments with the five plant extracts improved the cheese stability against lipid oxidation. Additionally, the treatments inhibited the growth of the three food-borne pathogens in the cheese. Clove extract showed the highest level of antibacterial and antioxidant activity.



In Mediterranean countries, sheep milk cheeses are relatively common in the diet. A common practice is the addition of native spices, such as saffron dried stigmas (Crocus sativus L.), that give cheeses a yellow-orange color. The color of saffron is due to its carotenoid content, mainly comprising crocetin esters, its bitter taste is due to picrocrocin, and its characteristic aroma is due mainly to safranal. The AA and antimicrobial properties of saffron cheeses have been described, but the number of different cheeses made with saffron is currently very scarce. Thus, it would be of interest to know the contents of potential health-promoting compounds that can be transferred from saffron to the cheese matrix [120,121,122]. Different concentrations of saffron were added (concentrations were not indicated) to pressed pasteurized sheep milk cheeses ripened for 180 days. Total mesophiles and LAB counts were lower in saffron than in control cheeses with no saffron added, suggesting that saffron may slightly slow bacterial growth. Saffron cheeses showed lower salt content and were firmer and more elastic than control cheeses. Differences in cheese color and flavor among control and saffron cheeses were observed at the beginning of the ripening period, but as ripening progressed, the differences were less evident [120,123].



Flowers are emerging as natural food additives due to their health beneficial properties. Chestnut flowers (Castanea sativa Mill.) and lemon balm (Melissa officinalis L.) may have a potential role as antioxidants and antimicrobials in foods, and in promoting consumer health. Cheeses after 1 and 6 ripening months were manually impregnated with milled dried plants and decoctions of both species. The dose applied to each cheese of chestnut flower was 799 and 248 mg of dried flower and lyophilized decoction, respectively. In the case of lemon balm, each cheese was coated with 368 and 380 mg of dried flower and lyophilized decoction, respectively. No plants were added to the control cheeses. The results showed a higher loss of moisture in cheeses with plants incorporated than in control cheeses. The addition of both dry plants appeared to be a better option than decoctions because dried plants caused greater moisture loss, smaller calcium and sodium losses, better conservation of the more abundant monounsaturated fatty acids (MUFAs) (C18:1), and a higher amount of polyunsaturated fatty acids (PUFA)s. The authors indicated that dried plants contribute to better cheese preservation compared to decoction treatments, but the cheese appearance was affected. Decoctions were slightly lower compared to preservatives, but could be a good option because they did not change the cheese appearance [124]. Similarly, they investigated the addition to cheese of basil (Ocimum basilicum L.), both as dehydrated leaves (1.37 g) and as decoctions (352.5 mg). After six months of storage, cheeses with basil lost more water, especially those treated with decoctions. A better maintenance of proteins in treated cheeses was observed, which may be related to the increased antimicrobial activity caused by basil components inhibiting the growth of proteolytic bacteria. The color did not change in the cheeses treated with basil decoctions, but those treated with dried leaves showed a greener appearance. An increase in the AA and a preservation of the unsaturated fatty acid content in treated cheese were observed. The authors indicated a greater functional and preservative effect of the decoction compared to the dehydrated form [125].



Another possibility to include natural preservatives is the incorporation of EOs during the cheesemaking process. Food composition can have a negative impact on the efficacy of these natural additives, particularly for protein, fat, and carbohydrate content. The EOs can reduce the growth of undesirable bacteria and molds, but it should be noted that these substances may reduce LAB growth and cause negative effects on the structure and development of cheese. Thus, their action against Gram (+) bacteria is more effective than for Gram (−) bacteria, and carbohydrates reduce the activity of EOs in some food matrices [123]. The in vitro evaluation of the antifungal activity of eight EOs (cinnamon leaf or bark, basil, ginger, lemon, peppermint, pine needle, and spearmint) indicated that the highest antifungal activity was found for cinnamon leaf and barks [126]. The main components of both cinnamon EOs were eugenol, cinnamaldehyde, and linalool. Therefore, 10 and 20 μL of cinnamon leaf and bark EOs were surface-spread for their antifungal activity during the ripening of Appenzeller cheese. The optimum concentration of cinnamon EOs (10% v/v) in cheese showed antifungal activity and did not hinder the starter culture growth. Another potential natural preservative product is oregano (Origamun vulgare). This plant is rich in phenolic compounds (mainly carvacrol and thymol) with antimicrobial and antioxidant activity. The antimicrobial effectiveness of different concentrations of oregano EOs (50, 100, 150, 200 mg/kg curd) was studied in pressed cheeses made with pasteurized cow’s milk. Similarly, cheeses made with oregano leaves (10 g/kg cheese) and control cheeses made without oregano were compared. After 30 ripening days at 12 °C, no negative effect on the growth and metabolism of LAB was observed in oregano cheeses. Spoilage microorganisms, such as enterobacteria, molds, and yeasts were not detected during ripening in EO cheeses, compared to control cheeses and cheeses with oregano leaves. The sensory characteristics (flavor and texture) of cheeses made with 200 µg/g of oregano EO were similar to those of cheese samples made with oregano leaves, whereas the control cheese obtained lower sensory scores [127]. Recently, the application of microencapsulated oregano EO to the cheese surface by spray drying was found to be effective to inhibit mold and yeast growth in Parmesan grated cheese during storage [128]. Rosemary EO (Salvia rosmarinus) was added as an antimicrobial agent in the production of sheep cheese at a final concentration of 0.2 g/kg cheese (215 mg/L milk). The cheeses made with rosemary and control batches made without rosemary were compared after five ripening months. Rosemary EO showed an antimicrobial effect in cheeses with the total inhibition of Clostridium spp. growth without altering LAB growth, but this EO was not effective in inhibiting mold and yeast proliferation [129].



Although “synthetic” additives in the permitted dosage are safe compounds for human health and are widely used in the food industry, there is a negative consumer perception towards them. This has led to a growing interest in more natural alternatives, such as herbs, spices, and different parts of plants that are natural and GRAS products. Such products are currently in demand by consumers [130]. Concentrations of natural compounds in food should be between 0.05 and 0.1% (by weight) (500–1000 ppm) to be effective and to ensure that sensory food quality remains unchanged [131]. Numerous studies have reported that a higher concentration of the natural compounds present in plants was needed to achieve the same antimicrobial or AA in a food matrix, such as cheese, than when applied in vitro. Natural compounds may be lost during cheesemaking due to their solubility in whey, the cheese pH, or their sensitivity to light, temperature, and oxygen [132,133]. Given their natural origin, is difficult to maintain the repeatability of their chemical composition. Therefore, because important sensory changes can occur, they have been considered as new types of cheese, or as nutritional improvements or nutraceuticals. A solution may be their inclusion as EOs in milk or during cheesemaking, or application on the cheese surface as antifungals. The latter case may address the problem often experienced by pressed cheeses with longer ripening periods. However, this has not always been successfully achieved, because the use of EOs is limited due to their impact on the sensory attributes of the cheese, especially at high concentrations that may change cheese flavor and odor [134]. Therefore, the use of plant extracts and EOs presents the difficulty of defining the specific quantity in which they should be incorporated in the cheese, in order to guarantee the expected antimicrobial and antioxidant effects without a relevant change in the sensory properties of cheese [130]. The literature presents more studies in which these compounds have been applied in fresh or short-ripened cheeses, than in longer ripened cheeses, such as hard and semi-hard cheeses.



Microencapsulation may be an up-coming technology used to ensure better stability of these interesting functional and technological compounds during cheesemaking [133], preserving their AA and antimicrobial activity throughout the shelf-life of the products. The use of microencapsulation in combination with other technological approaches, such as pulsed light, high pressure, magnetic fields, or nano-emulsions, may minimize the organoleptic impact of the plant-based substances on cheese sensory properties. Another possible solution may be their incorporation as part of edible biofilms through microencapsulation systems, active modified atmosphere packaging, and other storage materials, to improve their bioavailability in cheese without the need of a high quantity of extracts. Numerous other factors must also be assessed, such as economic costs, legislation, practical effectiveness, and organoleptic impact [130].





5. Packaging


Packaging is an important step in the food manufacturing and commercialization process. The objective of packaging is not only to contain food, but also to protect and maintain the quality and safety during the food’s shelf-life, at a limited business cost [135]. Cheese packaging is mainly directed to avoid certain degradation processes, such as oxidation or dehydration, protect against the growth of undesirable microorganisms and external contamination, and reduce or allow the continuance of the metabolic activities of ripening strains [136]. In packaging techniques, material properties, such as water vapor and gas barrier, and the shape and size of the package, are crucial to ensure cheese quality and safety [137]. For optimal packaging selection, it must be considered that cheese is a complex dynamic biological matrix in which several microbial, physical, and biochemical changes occur during storage. The growing consumer demand for portioned cheese sold as blocks, slices, or grated has led to the design of specific packaging conditions that ensure the desired shelf-life of this food product [138].



5.1. Vacuum Packaging


Vacuum packaging is the simplest and most common method to modify the internal atmosphere of a food package. Essentially, it consists of removing the air around the food, using a packaging material with low permeability to oxygen and other gases. In this situation, the packaging material collapses around the product, because the internal pressure is much lower than the atmospheric pressure; thus, the amount of oxygen inside the package is less than 1% [139,140]. This type of packaging has demonstrated its ability to reduce oxidative damage and inhibit aerobic bacteria, mold, and yeast growth, thus increasing cheese shelf-life. Due to the plastic material used, vacuum packaging prevents dehydration and weight loss in cheese, and the absorption of undesirable odors from outside [141]. However, vacuum packaging is not suitable for all cheese varieties because it can lead to undesirable consistency or texture changes, with possible modifications of the structure and appearance of the cheese [135,142]. In cheeses that have high respiratory rates, non-gas permeable packaging materials are not advisable. Such materials are also not preferred for soft structure cheeses (partially ripened or soft cheeses), due to the deformations they may undergo when reducing pressure [142]. However, this approach can be of significant interest for hard and semi-hard cheeses, both for whole pieces and fractioned presentations. These cheeses are bacteria-ripened products that have a slow ripening rate due to their low water and salt content, so the use of low gas permeability packaging materials can generate a suitable anaerobic environment in which cheeses can progressively ripen once they are packaged [138]. In addition, the vacuum condition is well tolerated by the cheese matrix due to its firmness.



Different authors have demonstrated the usefulness of vacuum packaging for preservation and cheese shelf-life extension. Thus, Parmigiano Reggiano cheese is usually sold in vacuum-packed portions of 250–300 g [143]; this is also the case for Gouda cheese. Thus, the shelf-life in both cases can be maintained up to 10 weeks in refrigerated conditions [144]. Similarly, an increase in 20 days was reported for the shelf-life of Calabrian Provola vacuum-packed cheeses compared to unpackaged cheeses [137]. This methodology was found to be useful to preserve the sensory quality of smoked cheeses cut into portions and stored up to 45 days, whereas other protective atmosphere options contributed to the accumulation of smoke-derived compounds and altered lipolysis and proteolysis processes, which led to an off-flavor in the cheese [141].



Despite the advantages of vacuum packaging, negative effects on hard and semi-hard cheeses have been reported. Vacuum packaging provides certain anaerobic conditions that favor the growth of some pathogens, such as L. monocytogenes and S. aureus, particularly in aged raw milk cheeses. The combination of vacuum packaging with refrigeration storage temperatures may limit the proliferation of these pathogens. In this regard, the decrease in these undesirable bacteria counts was greater at 10 °C after 56 days than at 4 °C after 28 days storage, probably because lower storage temperatures and vacuum conditions diminished LAB activity [145]. By comparison, due to low-pressure vacuum conditions, the cheese matrix structure may collapse, thus reducing the typical eyes of some cheese varieties, such as pre-cut Provolone, with the consequent negative impact on cheese appearance [142]. In the same manner, vacuum packaging of Parmigiano Reggiano cheese cubes resulted in a peculiar yellowish color during the first storage days, which may be associated with the oil dropping phenomena, in addition to an increase in the sourness after the first storage month [146]. Hocking and Faedo [147] described defects in Cheddar cheese due to mold formation in folds and wrinkles in the plastic packaging material. Furthermore, leaks in the vacuum packaging material may occur due to the presence of crystals (e.g., calcium lactate and tyrosine crystals) on the cheese surface, especially in extra-hard and long-aged cheeses such as Grana cheeses [148]. Calcium lactate crystals have also been observed on vacuum-packaged cheeses in which the package has lost integrity. Residual whey tends to move to the surface of the cheese or to cracks and crevices inside the cheese matrix during storage, which causes an increase in lactic acid concentration in those spaces accelerating crystal formation [149].




5.2. Modified Atmosphere Packaging (MAP)


This technique refers to the packaging of foodstuffs by creating an atmosphere surrounding the food having a composition different from that of the air. The objective is to provide an optimal atmospheric environment that preserves the quality and sensory food properties and, at the same time, increases food shelf-life. The gaseous composition of the atmosphere depends on the food product, and this can change during storage time due to different factors, such as food breathing, biochemical reactions, and the slow diffusion of gases through the packaging material [139]. An adequate design of the internal atmosphere is essential to guarantee food conservation during storage because, once the package is closed, there will be no option to compensate for possible atmosphere changes that may occur inside.



Gas mixtures used for cheese MAP include different percentages of carbon dioxide (CO2), nitrogen (N2), and oxygen (O2) in residual form. These gas mixtures are usually used together with refrigeration temperatures, thus combining preservative effects [150]. Among gases, CO2 is the most important from a microbiological perspective because it inhibits the growth of many microorganisms, including spoilage bacteria [135]. It is highly effective against aerobic Gram (−) bacteria and mold growth, and to a lesser extent, against Gram (+) bacteria and yeast growth. A concentration between 20 and 60% of CO2 in the atmosphere is required for an antimicrobial effect. At specific concentrations, CO2 also promotes the development of LAB. Gas mixtures rich in N2 present the risk of anaerobic microorganism growth and, therefore, the growth of clostridia may increase in packaged cheeses [151]. Several authors have reported that this conservation technique may extend cheeses’ commercial life with minimal changes in their sensory properties [143,152].



Furthermore, when the food products contain viable microorganisms, such as raw milk cheeses or those with starters added, the atmosphere design is more complex because it is necessary to control the microorganism growth during storage. Microorganisms are essential for the organoleptic characteristics of cheese; however, rigorous control is required to prevent cheese deterioration by anaerobic microorganism proliferation, because they may generate volatile compounds that can deteriorate the flavor [153]. High concentrations of CO2 are used, particularly in hard and semi-hard cheeses, to suppress microbial growth [154,155]. However, particularly for some cheese varieties, it is important to carefully adjust and control the CO2 concentration during storage because microorganisms involved in cheese flavor development can be affected and off-flavors may occur [26,143,155,156].



The use of MAP with 100% CO2 has often proved to be unsuitable for long ripened cheese packaging. It was indicated that CO2 inhibited spoilage microorganisms while also decreasing the concentration of many flavor compounds [157]. This high CO2 concentration resulted in undesirable changes in the flavor and texture of sliced Samso cheese. These cheeses presented higher concentration of aldehydes and fatty acids, and lower concentrations of alcohols and esters, than cheeses packaged with a 100% N2 atmosphere. The same results were observed in grated Cheddar cheese packaged with a high CO2 concentration [156]. The authors hypothesized that a smaller conversion rate of FFA in volatile compounds occurred in packaged cheeses due to changes in microbial metabolism. Favati et al. [142] indicated that a 100% CO2 atmosphere guaranteed the best microbiological stabilization of Provolone cheese wedges, although the product shelf-life, with reference to a limiting concentration of FFA, was found to be shorter than for cheese wedges packaged with lower CO2 concentrations. The ripening process was faster at 4 °C than at 8 °C, contrarily to that observed for lower CO2 concentrations. The samples stored at 4 °C showed higher acidity, and FFA and FAA content. In this regard, the CO2 dissolution in the cheese matrix occurring at low temperatures may contribute to the increase in acidity. Romani et al. [146] reported that Parmigiano Reggiano cheeses packed in a high CO2 concentration atmosphere showed flavor profiles that were distant from freshly cut, unpacked cheeses. In the same manner, sensory analysis showed a pronounced bitter taste and gradual discoloration after five storage weeks in grated Graviera cheese packaged with 100% CO2 and exposed to light. Color changes were related to photo-oxidation reactions [158]. Discoloration in grated Cheddar cheese packaged with a pure CO2 atmosphere and stored under fluorescent light was also observed [156], so that a high CO2 concentration MAP can produce a similar cheese appearance to that of vacuum packaging.



This is due to the high gas solubilization in cheese water and fat when kept at refrigeration temperatures, leading to a packaging collapse [139]. The balancing process between headspace atmosphere and cheese generally occurs relatively quickly within the first days after packaging [159]. Another problem related to high CO2 concentration in the atmosphere is the development of calcium lactate crystals in cheese, which causes cheese texture defects, and the possibility of leaks in the packaging material [160,161]. It was hypothesized that free ionic calcium combines with lactate through a mechanism involving carbonic acid and, because CO2 is absorbed by the cheese matrix, the pH of the whey phase is reduced and calcium concentration in whey is increased, resulting in calcium lactate crystals [162].



Results reported in the literature on the application of an atmosphere composed only of N2 are diverse. N2 acts as an inert filler gas, avoiding package collapse, and does not have detrimental effects on cheese composition and flavor [26,155,163]. Good sensory results and shelf-life extension of grated Graviera cheese packaged in a 100% N2 atmosphere were found [164], even under fluorescent light exposure [158]. Similarly, it was shown that semi-hard goat cheeses packaged in 100% N2 and in a 20% CO2/80% N2 gas mixture maintained their properties during six months of storage [165]. However, in grated Cheddar cheese packaged in an N2 atmosphere, changes in the volatile profile were observed, with a high concentration of methyl ketones, indicating that this cheese was highly susceptible to mold growth [156]. By comparison, in sliced Samso cheese packaged in 80 and 100% N2 atmospheres, the sensory panel described its flavor as buttery due to the high concentration of diacetyl and the presence of hexanal found in the sliced cheese. In this regard, it was not expected that hexanal, at low concentration, could contribute to the overall cheese flavor without providing a detectable grassy note [26]. High concentrations of N2 (80–100%) atmosphere did not appear to be useful to preserve the characteristics and sensory attributes of Arzúa-Ulloa cheese during storage [166]. The main disadvantage of N2-rich gaseous environments is the risk of the growth of anaerobic microorganisms [151].



Mixtures of CO2 and N2 are common atmospheres used in hard and semi-hard cheese packaging, but the results depend on the cheese variety [26,158]. In these conditions, it is possible to slow respiration, delay enzymatic changes, and reduce microbial growth, and thus extend cheese shelf-life [158]. High concentrations of N2 in the gas mixture (e.g., 30% CO2/70% N2) provided the best preservability for portioned Provolone cheese. However, a 30% CO2 concentration in the gas mixture provided more satisfactory results than a 10–20% CO2 concentration [142]. These CO2/N2 gas mixtures were able to slow proteolytic and lipolytic reactions that occur during cheese ripening more than other gas mixtures, and extend the shelf-life of cheese wedges up to 280 days. In whole Calabrian Provola cheese, a 30% CO2 concentration in the gas mixture also showed a positive effect on cheese quality. A decrease in total microbial count, peroxide value, and hardness score was observed, and, in consequence, the shelf-life of packed cheeses was longer than that of unpacked cheeses [137]. In Parmigiano Reggiano cheese packaged in atmospheres between 30 and 50% CO2, hardness and sour and sharp flavors increased after two storage months, possibly related to an early proteolysis process, followed by a reduction in both flavor attributes observed from two months to the end of the storage period [143]. These authors also reported an increase in the sharp taste during storage in Parmigiano Reggiano cheese mixtures with a low proportion of CO2 and a high proportion of N2, which was related to microbial growth and the loss of the CO2 antimicrobial effect [146]. The texture and flavor of smoked wedges of San Simón da Costa cheeses packaged in 20–50% CO2 concentration atmospheres and stored simulating retail conditions were adversely affected. An increase in sourness, piquancy, and an intense smoky odor was detected due to the high amounts of phenol, cyclopentanol, and 2-methyl-2-cyclopenten-1-one, which are considered to be compounds that negatively impact the flavor of this cheese variety [141].



O2 in atmospheres is usually avoided for cheese preservation because this gas promotes the growth of mold and lipid oxidation, giving rise to unpleasant flavors [167]. However, pre-cut aged white cheese packaged under reduced O2 (0–10%) and elevated CO2 (up to 75%) concentration atmospheres has been found to be a good alternative to air packaging for a minimum storage period of three months. These MAP conditions decreased lipolysis and protected the initial quality of the pre-cut aged white cheeses [168].



Active systems for atmosphere modification are being successfully used in different foods. Nevertheless, there are few references available in the scientific literature applied to cheese [167]. Floros et al. [169] proposed the use of an O2 absorber to control mold growth in some cheeses and thus extend their shelf-life. The use of a CO2 absorber caused a significant reduction in the concentration of this gas produced by microorganisms or starter cultures present in the packaged cheese. Mexis et al. [164] studied the combined use of an O2 absorber and an ethanol emitter to increase the shelf-life of grated Graviera cheese. Within 10 storage weeks, O2 and CO2 concentrations in the package remained below 0.01 and 1%, respectively, which was indicative of the efficiency of the system to reduce microorganism growth. Under these conditions, the shelf-life tripled with respect to the aerobically packaged cheese.



Published data show the usefulness of different packaging systems in prolonging the shelf-life of cheeses and, specifically, in preventing some of the problems that can occur in cheese after fractionation into pieces of different shape and weight. MAP packaging not only prolongs the life of cheese, but also can exert a positive effect on cheese flavor and appearance, in comparison to vacuum packaging, where the product can undergo changes in cheese texture. Vacuum packaging appears to be the most appropriate preservation technique from the sensory quality perspective because it promotes the retention of volatile compounds responsible for flavor. By comparison, MAP packaging may be particularly suitable for laminated cheeses, because it facilitates the individual separation of each piece, in contrast to the compacting effect, which can occur in vacuum packaged cheeses. Despite this, MAP packaging leads to an increase in package volume and more space is needed for storage and transport. The success of cheese packaging requires taking into account that most cheeses are highly complex ecosystems in which complicated interactions occur between starter cultures, external contaminants, storage conditions, packaging material, and the characteristics of the cheese itself. Although the potential of MAP for cheese preservation has been clearly demonstrated, specific studies must be carried out to make the appropriate selection of the gas mixture in the atmosphere and of the polymeric packaging material for each cheese variety [43,135].



Novel packaging systems incorporate new technologies, such as active packaging. This option, although more costly, may be of interest in extending cheese shelf-life and improving cheese quality and safety. As with other preservation techniques, the material used to preserve internal atmospheres is plastic, so consideration should be given to barrier effectiveness and proper sealing when applying new recyclable and biodegradable plastics to packaging.




5.3. Edible Coatings and Films


Edible coatings and films are thin layers based on edible biopolymers that are used to protect and promote food preservation. Traditionally, plastics and waxes have been mainly employed. However, in recent years there has been a growing trend in the use of edible and biodegradable materials for food coating. Edible coatings are applied directly in liquid form on the food surface where, after drying, a thin layer is formed. In contrast, films are dried separately, forming a stand-alone material that is then used to cover the food surface [170]. Both coatings and films have only been used recently to prolong the shelf-life of different types of cheese. The mechanisms by which edible materials increase cheese shelf-life are based on their barrier properties against moisture and gas transfer, light exposure, external contamination, and losses of volatile compounds and flavors [170,171,172].



Compounds used in the formulations of coatings and films include proteins (casein, whey protein, wheat gluten), polysaccharides (starch, cellulose, alginate, chitosan), and lipids (sunflower oil, waxes), or combinations of compounds of different chemical nature [170,173,174,175]. Proteins provide mechanical stability, and are effective barriers against gases, but their barrier effect against humidity is low [176]. Polysaccharides show a selective permeability to CO2 and O2, and because they are hydrophilic compounds, water vapor transmission through them is low [177]. Lipids are excellent barriers against moisture migration, although coatings are thicker and more fragile due to their hydrophobic behavior in comparison to protein and polysaccharide formulations [178]. Therefore, lipids mixed with proteins and polysaccharides produce coatings with better mechanical resistance and barrier properties than those of lipid coatings and films. Additives such as glycerin, sorbitol, glycol, and water, with a plasticizing function, can also be added to formulations to modify the physical properties or other functionality of the edible materials [171]. In addition, these materials can be used as carriers of others ingredients, such as antioxidants and antimicrobials, to extend the cheese shelf-life [170,179,180]. Formulation composition will condition the physical (thickness, optical, and mechanical properties) and chemical (wettability, permeability, and migration or release of active compounds) properties of edible coatings and films [171]. Furthermore, they present other valuable features, because they can be consumed together with the cheese avoiding the generation of waste, or, if not consumed, they are biodegradable [181].



One compound that has received considerable attention in recent years is chitosan, which is a cationic polysaccharide obtained from crustaceans or fungi. This compound is interesting due to its antimicrobial properties and its coating and film-forming capacity [170,182]. Chitosan-based materials have been tested on several hard and semi-hard cheese surfaces, aiming to decrease microbiological growth and extend the cheese shelf-life. A chitosan coating at 1% concentration (by weight) was used to inhibit the development of L. innocua inoculated into Emmental cheese cubes incubated at 37 °C [179]. Other studies have also used chitosan as an antimicrobial carrier. Fajardo et al. [180] reported an adequate control of mold and yeast growth in semi-hard Saloio cheese slices protected with a chitosan coating containing natamycin. Cui et al. [98] applied a chitosan coating with nisin-silica liposomes on a fresh Cheddar cheese surface and reported the antibacterial barrier effect of the coating against the growth of L. monocytogenes at 25 °C for 7 days and at 4 °C for 15 days. The use of an optimized chitosan solution also improved the conservation of Manchego cheese after 30 ripening days [183].



The application of whey protein-based edible materials in cheeses has been a research area of significant interest during recent years. The interest in this approach lies in the fact that whey is a sub-product generated during cheesemaking, and possesses interesting mechanical properties. Whey is mainly rich in β-lactoglobulin and α-albumin, and one additional advantage reported for whey proteins relates to their intrinsic bioactive properties, due to the presence of enzymes such as lactoperoxidase and lactoferrin [184]. Whey proteins to be used for coatings and films are commercialized as whey protein concentrate (WPC) or isolate (WPI) according to the protein concentrate (20–80% and >90%, respectively) [170]. WPI-based coatings incorporating different combinations of antimicrobial compounds were used to extend the shelf-life of Saloio semi-hard cheese [185]. The coatings decreased water loss, hardness, and color changes, and reduced microbial growth in the cheese samples during storage for up to 60 days. The effectiveness of various WPI-based coatings combining citric, lactic, and malic acids together with nisin revealed a synergistic preservative effect on cheese [186]. Other studies showed the effectiveness of these coatings in semi-hard cheeses applied on the first production day and maintained for 45 days [187,188]. By comparison, the use of WPC-films was found to be useful to extend the shelf-life of Cheddar cheese, maintaining its sensory properties [189]. The preservation of Kashar cheese samples using a WPI-based coating reduced the weight loss in cheese and the addition of 1.5% (v/v) ginger EO (Zingiber officinale Roscoe) to the coating formulation was effective against E. coli and S. aureus growth [190].



The usefulness of other proteins, such as caseins [191], and other polysaccharides for the preservation of different cheese varieties has also been reported. Such is the case of starch edible films in Port Salut [192] and Cheddar cheese samples [193]; galactomannan in Saloio cheese [194]; cellulose in Gorgonzola cheese [192,195]; carboxymethylcellulose in semi-hard Paipa type cheese [196]; or alginates and carrageenans in other cheese types [197].



Edible coatings/films have been tested with the addition of antimicrobial substances, such as nisin, natamycin, organic acids, pimaricin, or lysozyme, thus increasing the cheese storage period. Given the current preference of consumers for natural foods, research has focused on new edible materials containing natural active compounds, such as plant EOs with antioxidant and antimicrobial properties [170,193,198,199]. In this regard, the efficacy of 1.5% (v/v) of thyme (Origanum vulgare) and clove (Syzygium species) EOs incorporated into sorbitol-amended whey isolate-based film to preserve the quality and safety of a semi-hard Kashar cheese artificially contaminated with pathogenic bacteria was evaluated [200]. During storage, E. coli O157:H7, L. monocytogenes, and S. aureus counts decreased in coated cheeses. In a later study, the same authors demonstrated the antimicrobial activity against E. coli O157:H7 and S. aureus of a coating formulated with 1.5% (v/v) ginger EO [190]. Other authors evaluated the effectiveness by immersing semi-hard goat cheeses two or three times in chitosan liquid solutions containing 0.75% (w/w) of rosemary (Salvia rosmarinus) and oregano (Origanum vulgare) EOs. Both double-coatings prevented weight loss, improved microbial safety, and reduced lipolytic and proteolytic activity during cheese ripening. Sensory analysis revealed that cheeses double-coated with chitosan and EOs scored well, but in the case of three successive immersion treatments, flavor was negatively affected [201]. The effectiveness of 0.1 mL/L ginger (Zingiber officinale) EO incorporated in carboxymethylcellulose-based films against Penicillium, Aspergilus, Geotricum, Mucor spp., and Fusarium growth in a semi-hard cheese was reported [196]. In the same manner, the addition of 1% v/v) boldo (Peumus boldus) to blended films based on chitosan and gelatine decreased lipid oxidation in coated Prato cheese slices. The EO decreased the psychotropic microorganism growth, and low growth of coliforms in coated cheese slices was observed [202]. Roselle calyx extract–zinc oxide nanocomposites (3%) were found to enhance the shelf-life of chitosan-based coated Egyptian Ras cheese compared to uncoated cheese [203].



Food grade beeswax applied to fractionated cheese caused a significant reduction in mold growth after 4 four ripening months. Although proteolysis progress was rather slow, better results were obtained for the sensory properties and extended the shelf-life of coated cheese pieces compared to vacuum-packed cheese pieces used as control samples [204]. Vacuum-packed and wax-covered whole Kashar cheeses were also compared after 120 ripening days. In this experiment, no maturation delay or adverse effects on the quality of wax-covered cheeses were found, indicating wax can be used as a packaging material alternative to vacuum packaging [205].



In view of the above-mentioned results, edible coatings and films can be a good option to prolong cheese shelf-life, and may be even more promising when combined with nanotechnology, or with MAP, because this may allow new functionalities to be explored [170]. The motivation for greater interest and research activity in edible materials is due to the increased consumer demand for safe, healthy, and natural foods, and the concerns regarding the harmful environmental effects of non-biodegradable waste resulting from food packaging [206]. In addition, the value added to the waste obtained from several industries, and the simplicity of application, are aspects that are in favor of these approaches. The high compatibility of edible materials with multiple active compounds has been reported. EOs represent a promising approach for the development of bioactive edible films and coatings. One of the main challenges still facing edible coatings and films is their possible impact on the color and flavor of cheese, which can become unattractive for consumers, and the difficulty in obtaining a homogeneous coating on the cheese surface [170].





6. Cheese Post-Processing Technologies


The degree of microbial contamination that can occur during handling, slicing, and packaging steps greatly influences the quality of the final food products. In addition, post-processing cross-contamination of cheese can lead to both safety risks and significant compound losses due to spoilage, so additional control methods are needed to inactivate microorganism growth on cheese surface after the packaging step [207,208].



Light-emitting diode (LED) technology has recently received increased attention as a novel preservation technology for bacterial inactivation. Bacterial cells are excited when exposed to light photosensitizers, such as endogenous porphyrin, resulting in the release of reactive oxygen species, which may damage cell membranes, enzymes, proteins, or deoxyribonucleic acid (DNA), leading to cell death [209,210]. It has been recently shown that 460–470 nm LED illumination was able to inactivate L. monocytogenes and Pseudomonas fluorescens growth on the surface of packaged sliced cheese, especially when combined with refrigeration temperatures [211].



Pulsed ultraviolet (UV) light is more advantageous than continuous UV light in terms of microbial inactivation efficiency [212], and pulsed UV light can significantly reduce the microbial growth on the cheese surface [213]. Several authors have reported that the application of UV light in combination with other preservation treatments (refrigeration, MAP, antimicrobial substances) has significant benefits for safety and the shelf-life of cheese [211,214,215]. Therefore, these new technologies can represent a good option for minimizing deterioration phenomena during cheese storage.



The addition of antimicrobial substances (2.5% nisin and 50 mg/L natamycin solutions) to the cheese surface may synergistically increase the antimicrobial effectiveness of pulsed UV light (9.22 J/cm2), when antimicrobial substances are added after the light treatment [207]. Similarly, the combination of pulsed UV light (1.2–6 KJ/m2) and antimicrobial (0.001% sodium benzoate/30% citric acid) starch films were effective in reducing L. innocua growth on the surface of Cheddar cheese. However, significant changes in physico-chemical properties of the treated cheeses were observed after seven days of refrigerated storage [216]. These results highlight the opportunity to use pulsed UV light as a final preservative treatment in cheese pre-packaged with clear materials, and may become a very attractive solution to mitigate surface cheese contamination in manufacturing, distribution, and retail environments [213]. It has been demonstrated that pulsed UV light (44 J/cm2) has the potential for post-processing decontamination of the surface of semi-hard cheese [217]. Although the current trends are based on minimizing the impact on cheese quality parameters by combining treatments applied at low intensity, the combination of preservative treatments may not always result in synergistic effects, and interactions between treatments need to be studied before being applied at the commercial level [207].



Food irradiation has the ability to disrupt the microorganism DNA, thereby prolonging shelf-life and enhancing food safety, without a detrimental effect on the food sensory and nutritional quality when applied at an appropriate dose [218]. Ionizing irradiation at less than 3 kGy has proven to be an effective technology to control L. monocytogenes growth in cheese [219]. However, there are some discrepancies regarding the occurrence of off-flavors and depreciation of sensory quality in cheese. Probably for this reason, only some studies have been found in the scientific literature on cheese irradiation. Nevertheless, it appears that lower radiation doses do not affect the composition of different cheese types [218,220]. In Cheddar cheese, off-flavors were detected immediately after E-beam treatment, although off-flavors progressively disappeared during storage when radiation doses were lower than 2 kGy [221]. X-ray radiation at a high dose of 0.8 kGy was suitable to reduce microbial contamination of packaged sliced Cheddar cheese without affecting product quality; thus, X-ray radiation may be applied as a new post-processing antimicrobial technology for cheese preservation [208]. Ras cheese treated with γ-irradiation (5–15 kGy) showed higher degradation of biogenic amines without any detrimental changes in cheese chemical composition after six storage months compared to non-irradiated cheese samples. The results of the irradiation treatment resulted in adequate cheese suitability and wholesomeness, together with consumer acceptability of the sensory attributes [222].



In summary, cheese irradiation is found to be safe, with a potential application in the preservation and shelf-life extension in the case of certain cheeses. However, full acceptance of this preservation technology, and its incorporation into the food dairy industry, is slow and often controversial. Further studies are needed for the successful adaptation at the industrial level [218].




7. Conclusions


All the technologies described in this review require increased attention in relation to the presence of highly resistant microorganisms, such as spore-formers, molds, or certain anaerobic microorganisms. The potential impact of preservation technologies on biochemical and sensory characteristics of cheese should not be forgotten. Therefore, each type of cheese needs a specific preservation treatment and optimal application conditions in order to ensure cheese quality and safety during storage.



Some novel freezing processes are being improved to enhance the performance of frozen cheeses. Other innovative practices having significant potential at an industrial scale include HHP, which can be applied individually or in combination with other preservation technologies to cheese matrices. New packaging systems may be of interest, specifically to prevent some problems that can occur in fractionated cheeses. By comparison, cheese post-processing technologies remain controversial, and are little used by the dairy industry and require further studies for wider application.



At present, a major demand from food consumers in numerous developed countries is strongly related to reducing the use of non-biodegradable plastic, which is often used for food packaging and leads to the accumulation in the environment of waste materials. However, currently, plastics are commonly used as packaging materials in freezing, HHP, vacuum packaging, and MAP technologies. To minimize this problem, new recyclable and biodegradable materials (edible coatings and films), which can provide similar protection and barrier functions as plastic materials, should be thoroughly investigated. In this regard, there is also a growing consumer demand for the use of natural preservatives, mostly from plants. These compounds added as preservatives to cheese may offer health benefits when consumed, but their bioavailability and potential impact on the sensory properties of cheese should be studied.



The information discussed in this review provides evidence that preservation studies play a fundamental role in increasing the shelf-life of hard and semi-hard cheeses, and are of significant importance for the profitability of the dairy sector. Other relevant aspects to be considered are the contribution of the preservation techniques to the sustainability of the food chain and consumer preferences.







Author Contributions


Conceptualization, A.I.N. and M.A.; literature review, A.I.N., S.N. and M.A.; writing-original draft preparation, A.I.N., S.N. and M.A.; writing-review and editing, A.I.N. and M.A.; supervision, L.J.R.B. All authors have read and agreed to the published version of the manuscript.




Funding


Financial support was provided by the Basque Government (Research Groups IT944-16). Vitoria-Gasteiz. Spain.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


The authors thank Lourdes Sáenz del Castillo for bibliographic Refworks software assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Khoshgozaran, S.; Azizi, M.H.; Bagheripoor-Fallah, N. Evaluating the Effect of Modified Atmosphere Packaging on Cheese Characteristics: A Review. Dairy Sci. Technol. 2012, 92, 1–24. [Google Scholar] [CrossRef]

	



López-Expósito, I.; Amigo, L.; Recio, I. A Mini-Review on Health and Nutritional Aspects of Cheese with a Focus on Bioactive Peptides. Dairy Sci. Technol. 2012, 92, 419–438. [Google Scholar] [CrossRef]

	



Kratz, M.; Baars, T.; Guyenet, S. The Relationship between High-Fat Dairy Consumption and Obesity, Cardiovascular, and Metabolic Disease. Eur. J. Nutr. 2013, 52, 1–24. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.; Wang, Y.; Tong, X.; Szeto, I.M.Y.; Smit, G.; Li, Z.; Qin, L. Cheese Consumption and Risk of Cardiovascular Disease: A Meta-Analysis of Prospective Studies. Eur. J. Nutr. 2017, 56, 2565–2575. [Google Scholar] [CrossRef]

	



Valdivielso, I.; Bustamante, M.A.; Buccioni, A.; Franci, O.; de Gordoa, J.C.R.; de Renobales, M.; Barron, L.J.R. Commercial Sheep Flocks-Fatty Acid and Fat-Soluble Antioxidant Composition of Milk and Cheese Related to Changes in Feeding Management Throughout Lactation. J. Dairy Res. 2015, 82, 334–343. [Google Scholar] [CrossRef]

	



Zheng, H.; Yde, C.C.; Clausen, M.R.; Kristensen, M.; Lorenzen, J.; Astrup, A.; Bertram, H.C. Metabolomics Investigation to Shed Light on Cheese as a Possible Piece in the French Paradox Puzzle. J. Agric. Food Chem. 2015, 63, 2830–2839. [Google Scholar] [CrossRef]

	



Alba, B.K.; Stanhewicz, A.E.; Dey, P.; Bruno, R.S.; Kenney, W.L.; Alexander, L.M. Controlled Feeding of an 8-D, High-Dairy Cheese Diet Prevents Sodium-Induced Endothelial Dysfunction in the Cutaneous Microcirculation of Healthy Older Adults through Reductions in Superoxide. J. Nutr. 2020, 150, 55–63. [Google Scholar] [CrossRef]

	



Gomes da Cruz, A.; Buriti, F.C.A.; de Souza, C.H.B.; Faria, J.A.F.; Saad, S.M.I. Probiotic Cheese: Health Benefits, Technological and Stability Aspects. Trends Food Sci. Technol. 2009, 20, 344–354. [Google Scholar] [CrossRef]

	



International Dairy Federation. IDF Annual Report 2018–2019; IDF: Brussels, Belgium, 2020. [Google Scholar]

	



Shahbandeh, M. Major Cheese Producing Countries in 2020. 2020. Available online: https://www.statista.com/statistics/195809/cheese-production-in-selected-countries-2009/ (accessed on 12 May 2021).

	



OECD/FAO. Chapter 7. Dairy and dairy products. In OECD-FAO Agricultural Outlook 2018–2027; Anonymous, Ed.; FAO: Rome, Italy, 2018; pp. 163–174. [Google Scholar]

	



Stadista Research Department. Per Capita Consumption of Cheese Worldwide, by Country in Kilograms in 2020. 2021. Available online: https://www.statista.com/statistics/527195/consumption-of-cheese-per-capita-worldwide-country/ (accessed on 14 May 2021).

	



Tejada, L.; Sánchez, E.; Gómez, R.; Vioque, M.; Fernández-Salguero, J. Effect of Freezing and Frozen Storage on Chemical and Microbiological Characteristics in Sheep Milk Cheese. J. Food Sci. 2002, 67, 126–129. [Google Scholar] [CrossRef]

	



Prados, F.; Pino, A.; Rincón, F.; Vioque, M.; Fernández-Salguero, J. Influence of the Frozen Storage on some Characteristics of Ripened Manchego-Type Cheese Manufactured with a Powdered Vegetable Coagulant and Rennet. Food Chem. 2006, 95, 677–682. [Google Scholar] [CrossRef]

	



Park, Y.W. Effect of 5 Years Long-Term Frozen Storage on Sensory Quality of Monterey Jack Caprine Milk Cheese. Small Rumin. Res. 2013, 109, 136–140. [Google Scholar] [CrossRef]

	



Calzada, J.; del Olmo, A.; Picón, A.; Gaya, P.; Núñez, M. Using High-Pressure Processing for Reduction of Proteolysis and Prevention of Over-Ripening of Raw Milk Cheese. Food Bioprocess Technol. 2014, 7, 1404–1413. [Google Scholar] [CrossRef]

	



Zabaleta, L.; Albisu, M.; Ojeda, M.; Gil, P.F.; Etaio, I.; Pérez-Elortondo, F.J.; de Renobales, M.; Barron, L.J.R. Occurrence of Sensory Defects in Semi-Hard Ewe’s Raw Milk Cheeses. Dairy Sci. Technol. 2016, 96, 53–65. [Google Scholar] [CrossRef]

	



Codex Alimentarius Commission. Codex General Standard for Cheese; CODEX STAN; FAO/WHO: Rome, Italy, 1978; p. 283. [Google Scholar]

	



Real Decreto 1113/2006, de 29 de Septiembre, por el que se Aprueban Las Normas de Calidad Para Quesos y Quesos Fundidos; Boletín Oficial del Estado (B.O.E.) No. 239; Ministerio de la Presidencia: Madrid, Spain, 2006.

	



Zabaleta, L.; Albisu, M.; Barron, L.J.R. Volatile Compounds Associated with Desirable Flavour and Off-Flavour Generation in Ewe´s Raw Milk Commercial Cheeses. Eur. Food Res. Technol. 2017, 243, 1405–1414. [Google Scholar] [CrossRef]

	



Bonczar, G.; Filipczak-Fiutak, M.; Pluta-Kubica, A.; Duda, I.; Walczycka, M.; Staruch, L. The Range of Protein Hydrolysis and Biogenic Amines Content in Selected Acid and Rennet-Curd Cheeses. Chem. Pap. 2018, 72, 2599–2606. [Google Scholar] [CrossRef]

	



Młynek, K.; Oler, A.; Zielinska, K.; Tkaczuk, J.; Zawadzka, W. The Effect of Selected Components of Milk and Ripening Time on the Development of the Hardness and Melting Properties of Cheese. Acta Sci. Pol. Technol. Aliment. 2018, 17, 133–140. [Google Scholar] [CrossRef]

	



Ulpathakumbura, C.P.; Ranadheera, C.S.; Senavirathne, N.D.; Jayawardene, L.P.I.N.P.; Prasanna, P.H.P.; Vidanarachchi, J.K. Effect of Biopreservatives on Microbial, Physico-Chemical and Sensory Properties of Cheddar Cheese. Food BioSci. 2016, 13, 21–25. [Google Scholar] [CrossRef]

	



Moatsou, G.; Moschopoulou, E.; Beka, A.; Tsermoula, P.; Pratsis, D. Effect of Natamycin-Containing Coating on the Evolution of Biochemical and Microbiological Parameters during the Ripening and Storage of Ovine Hard-Gruyère-Type Cheese. Int. Dairy J. 2015, 50, 1–8. [Google Scholar] [CrossRef]

	



Mortensen, G.; Sørensen, J.; Stapelfeldt, H. Effect of Light and Oxygen Transmission Characteristics of Packaging Materials on Photo-Oxidative Quality Changes in Semi-Hard Havarti Cheeses. Packag. Technol. Sci. 2002, 15, 121–127. [Google Scholar] [CrossRef]

	



Juric, M.; Bertelsen, G.; Mortensen, G.; Petersen, M.A. Light-Induced Colour and Aroma Changes in Sliced, Modified Atmosphere Packaged Semi-Hard Cheeses. Int. Dairy J. 2003, 13, 239–249. [Google Scholar] [CrossRef]

	



James, C.; Purnell, G.; James, S.J. A Review of Novel and Innovative Food Freezing Technologies. Food Bioprocess Technol. 2015, 8, 1616–1634. [Google Scholar] [CrossRef]

	



Andiç, S.; Gençcelep, H.; Tunçtürk, Y.; Köse, S. The Effect of Storage Temperatures and Packaging Methods on Properties of Motal Cheese. J. Dairy Sci. 2010, 93, 849–859. [Google Scholar] [CrossRef] [PubMed]

	



Wendorff, W.L. Freezing Qualities of Raw Ovine Milk for further Processing. J. Dairy Sci. 2001, 84, E74–E78. [Google Scholar] [CrossRef]

	



Zhang, R.H.; Mustafa, A.F.; Ng-Kwai-Hang, K.F.; Zhao, X. Effects of Freezing on Composition and Fatty Acid Profiles of Sheep Milk and Cheese. Small Rumin. Res. 2006, 64, 203–210. [Google Scholar] [CrossRef]

	



Balkir, P.; Öztürk, G.F. Effect of Curd Freezing on the Physicochemical and Microbiological Characteristics of Crottin De Chavignol Type Lactic Goat Cheese. Milchwissenschaft 2003, 58, 615–619. [Google Scholar]

	



Picón, A.; Gaya, P.; Fernández-García, E.; Rivas-Cañedo, A.; Ávila, M.; Nuñez, M. Proteolysis, Lipolysis, Volatile Compounds, Texture, and Flavor of Hispánico Cheese made using Frozen Ewe Milk Curds Pressed for Different Times. J. Dairy Sci. 2010, 93, 2896–2905. [Google Scholar] [CrossRef]

	



Califano, A.N.; Bevilacqua, A.E. Freezing Low Moisture Mozzarella Cheese: Changes in Organic Acid Content. Food Chem. 1999, 64, 193–198. [Google Scholar] [CrossRef]

	



Buaynov, O.N.; Buaynova, I.V. The Physical and Chemical Changes of Water and the Hydration of the Protein Complex in Cheese during Freezing. Foods Raw Mater. 2016, 4, 13–18. [Google Scholar] [CrossRef]

	



Reid, D.S.; Yan, H. Rheological, Melting and Microstructural Properties of Cheddar and Mozzarella Cheeses Affected by Different Freezing Methods. J. Food Qual. 2004, 27, 436–458. [Google Scholar] [CrossRef]

	



Kasprzak, K.; Wendorff, W.L.; Chen, C.M. Freezing Qualities of Cheddar-Type Cheeses Containing Varied Percentages of Fat, Moisture, and Salt. J. Dairy Sci. 1994, 77, 1771–1782. [Google Scholar] [CrossRef]

	



Fontecha, J.; Kaláb, M.; Medina, J.A.; Peláez, C.; Juárez, M. Effects of Freezing and Frozen Storage on the Microstructure and Texture of Ewe’s Milk Cheese. Z. Lebensm.-Unters. Forsch. 1996, 203, 245–251. [Google Scholar] [CrossRef]

	



Tejada, L.; Gómez, R.; Vioque, M.; Sánchez, E.; Mata, C.; Fernández-Salguero, J. Effect of Freezing and Frozen Storage on the Sensorial Characteristics of Los Pedroches, a Spanish Ewe Cheese. J. Sens. Stud. 2000, 15, 251–262. [Google Scholar] [CrossRef]

	



Alvarenga, N.; Canada, J.; Sousa, I. Effect of Freezing on the Rheological, Chemical and Colour Properties of Serpa Cheese. J. Dairy Res. 2011, 78, 80–87. [Google Scholar] [CrossRef]

	



Van Hekken, D.L.; Tunick, M.H.; Park, Y.W. Effect of Frozen Storage on the Proteolytic and Rheological Properties of Soft Caprine Milk Cheese. J. Dairy Sci. 2005, 88, 1966–1972. [Google Scholar] [CrossRef]

	



Park, Y.W.; Gerard, P.D.; Drake, M.A. Impact of Frozen Storage on Flavor of Caprine Milk Cheeses. J. Sens. Stud. 2006, 21, 654–663. [Google Scholar] [CrossRef]

	



Johnston, D.E. The Effects of Freezing at High Pressure on the Rheology of Cheddar and Mozzarella Cheeses. Milchwissenschaft 2000, 55, 559–562. [Google Scholar]

	



Jalilzadeh, A.; Tunçtürk, Y.; Hesari, J. Extension Shelf Life of Cheese: A Review. Int. J. Dairy Sci. 2015, 10, 44–60. [Google Scholar] [CrossRef]

	



Martínez-Rodríguez, Y.; Acosta-Muñiz, C.; Olivas, G.I.; Guerrero-Beltrán, J.; Rodrigo-Aliaga, D.; Sepúlveda, D.R. High Hydrostatic Pressure Processing of Cheese. Compr. Rev. Food Sci. Food Saf. 2012, 11, 399–416. [Google Scholar] [CrossRef]

	



Delgado, F.J.; González-Crespo, J.; Cava, R.; Ramírez, R. Changes in Microbiology, Proteolysis, Texture and Sensory Characteristics of Raw Goat Milk Cheeses Treated by High-Pressure at Different Stages of Maturation. LWT Food Sci. Technol. 2012, 48, 268–275. [Google Scholar] [CrossRef]

	



Evert-Arriagada, K.; Trujillo, A.J.; Amador-Espejo, G.G.; Hernández-Herrero, M.M. High Pressure Processing Effect on Different Listeria spp. in a Commercial Starter-Free Fresh Cheese. Food Microbiol. 2018, 76, 481–486. [Google Scholar] [CrossRef]

	



Giannoglou, M.; Karra, Z.; Platakou, E.; Katsaros, G.; Moatsou, G.; Taoukis, P. Effect of High Pressure Treatment Applied on Starter Culture or on Semi-Ripened Cheese in the Quality and Ripening of Cheese in Brine. Innov. Food Sci. Emerg. Technol. 2016, 38, 312–320. [Google Scholar] [CrossRef]

	



Ávila, M.; Gómez-Torres, N.; Delgado, D.; Gaya, P.; Garde, S. Effect of High-Pressure Treatments on Proteolysis, Volatile Compounds, Texture, Colour, and Sensory Characteristics of Semi-Hard Raw Ewe Milk Cheese. Food Res. Int. 2017, 100, 595–602. [Google Scholar] [CrossRef]

	



Calzada, J.; Del Olmo, A.; Picón, A.; Gaya, P.; Núñez, M. Effect of High-Pressure-Processing on the Microbiology, Proteolysis, Texture and Flavour of Brie Cheese during Ripening and Refrigerated Storage. Int. Dairy J. 2014, 37, 64–73. [Google Scholar] [CrossRef]

	



Calzada, J.; del Olmo, A.; Picon, A.; Gaya, P.; Núñez, M. Effect of High-Pressure Processing on the Microbiology, Proteolysis, Biogenic Amines and Flavour of Cheese made from Unpasteurized Milk. Food Bioprocess Technol. 2015, 8, 319–332. [Google Scholar] [CrossRef]

	



Núñez, M.; Calzada, J.; Olmo, A.D. High Pressure Processing of Cheese: Lights, Shadows and Prospects. Int. Dairy J. 2020, 100, 1045–1058. [Google Scholar] [CrossRef]

	



Considine, K.M.; Kelly, A.L.; Fitzgerald, G.F.; Hill, C.; Sleator, R.D. High-Pressure Processing–effects on Microbial Food Safety and Food Quality. FEMS Microbiol. Lett. 2008, 281, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



O’Reilly, C.E.; O’Connor, P.M.; Kelly, A.L.; Beresford, T.P.; Murphy, P.M. Use of Hydrostatic Pressure for Inactivation of Microbial Contaminants in Cheese. Appl. Environ. Microbiol. 2000, 66, 4890–4896. [Google Scholar] [CrossRef]

	



O’Reilly, C.E.; O’Connor, P.M.; Murphy, P.M.; Kelly, A.L.; Beresford, T.P. Effects of High-Pressure Treatment on Viability and Autolysis of Starter Bacteria and Proteolysis in Cheddar Cheese. Int. Dairy J. 2002, 12, 915–922. [Google Scholar] [CrossRef]

	



Trujillo, A.J.; Capellas, M.; Saldo, J.; Gervilla, R.; Guamis, B. Applications of High-Hydrostatic Pressure on Milk and Dairy Products: A Review. Innov. Food Sci. Emerg. Technol. 2002, 3, 295–307. [Google Scholar] [CrossRef]

	



Inácio, R.S.; Fidalgo, L.G.; Santos, M.D.; Queirós, R.P.; Saraiva, J.A. Effect of High-pressure Treatments on Microbial Loads and Physicochemical Characteristics during Refrigerated Storage of Raw Milk Serra da Estrela Cheese Samples. Int. J. Food Sci. Technol. 2014, 49, 1272–1278. [Google Scholar] [CrossRef]

	



Buffa, M.; Guamis, B.; Royo, C.; Trujillo, A.J. Microbiological Changes Throughout Ripening of Goat Cheese made from Raw, Pasteurized and High-Pressure-Treated Milk. Food Microbiol. 2001, 18, 45–51. [Google Scholar] [CrossRef]

	



San Martín-González, M.F.; Rodríguez, J.J.; Gurram, S.; Clark, S.; Swanson, B.G.; Barbosa-Cánovas, G.V. Yield, Composition and Rheological Characteristics of Cheddar Cheese made with High Pressure Processed Milk. LWT Food Sci. Technol. 2007, 40, 697–705. [Google Scholar] [CrossRef]

	



Linton, M.; Mackle, A.B.; Upadhyay, V.K.; Kelly, A.L.; Patterson, M.F. The Fate of Listeria monocytogenes during the Manufacture of Camembert-type Cheese: A Comparison between Raw Milk and Milk Treated with High Hydrostatic Pressure. Innov. Food Sci. Emerg. Technol. 2008, 9, 423–428. [Google Scholar] [CrossRef]

	



Moschopoulou, E.; Anisa, T.; Katsaros, G.; Taoukis, P.; Moatsou, G. Application of High-Pressure Treatment on Ovine Brined Cheese: Effect on Composition and Microflora throughout Ripening. Innov. Food Sci. Emerg. Technol. 2010, 11, 543–550. [Google Scholar] [CrossRef]

	



Rodríguez, E.; Arques, J.L.; Núñez, M.; Gaya, P.; Medina, M. Combined Effect of High-Pressure Treatments and Bacteriocin-Producing Lactic Acid Bacteria on Inactivation of Escherichia coli O157:H7 in Raw-Milk Cheese. Appl. Environ. Microbiol. 2005, 71, 3399–3404. [Google Scholar] [CrossRef] [PubMed]

	



Delgado, F.J.; Delgado, J.; González-Crespo, J.; Cava, R.; Ramírez, R. High-Pressure Processing of a Raw Milk Cheese Improved its Food Safety Maintaining the Sensory Quality. Food Sci. Technol. Int. 2013, 19, 493–501. [Google Scholar] [CrossRef] [PubMed]

	



Arqués, J.L.; Garde, S.; Fernández-García, E.; Gaya, P.; Núñez, M. Volatile Compounds, Odor, and Aroma of La Serena Cheese High-Pressure Treated at Two Different Stages of Ripening. J. Dairy Sci. 2007, 90, 3627–3639. [Google Scholar] [CrossRef]

	



Ávila, M.; Gómez-Torres, N.; Delgado, D.; Gaya, P.; Garde, S. Application of High Pressure Processing for Controlling Clostridium tyrobutyricum and Late Blowing Defect on Semi-Hard Cheese. Food Microbiol. 2016, 60, 165–173. [Google Scholar] [CrossRef]

	



Delgado, F.J.; González-Crespo, J.; Cava, R.; Ramírez, R. High-Pressure Treatment Applied Throughout Ripening of a Goat Cheese caused Minimal Changes on Free Fatty Acids Content and Oxidation in Mature Cheese. Dairy Sci. Technol. 2012, 92, 237–248. [Google Scholar] [CrossRef]

	



Kolakowski, P.; Reps, A.; Babuchowski, A. Characteristics of Pressurized Ripened Cheeses. Pol. J. Food Nutr. Sci. 1998, 3, 473–483. [Google Scholar]

	



Saldo, J.; Sendra, E.; Guamis, B. High Hydrostatic Pressure for Accelerating Ripening of Goat’s Milk Cheese: Proteolysis and Texture. J. Food Sci. 2000, 65, 636–640. [Google Scholar] [CrossRef]

	



Juan, B.; Ferragut, V.; Guamis, B.; Trujillo, A. The Effect of High-Pressure Treatment at 300 MPa on Ripening of Ewes’ Milk Cheese. Int. Dairy J. 2008, 18, 129–138. [Google Scholar] [CrossRef]

	



Costabel, L.M.; Bergamini, C.; Vaudagna, S.R.; Cuatrin, A.L.; Audero, G.; Hynes, E. Effect of High-Pressure Treatment on Hard Cheese Proteolysis. J. Dairy Sci. 2016, 99, 4220–4232. [Google Scholar] [CrossRef] [PubMed]

	



Iwańczak, M.; Wiśniewska, K. Effect of High Pressures on the Process of Edam Cheese Proteolysis. High Press. Res. 2005, 25, 43–50. [Google Scholar] [CrossRef]

	



Rynne, N.M.; Beresford, T.P.; Guinee, T.P.; Sheehan, E.; Delahunty, C.M.; Kelly, A.L. Effect of High-Pressure Treatment of 1 Day-Old Full-Fat Cheddar Cheese on Subsequent Quality and Ripening. Innov. Food Sci. Emerg. Technol. 2008, 9, 429–440. [Google Scholar] [CrossRef]

	



O’Reilly, C.E.; Kelly, A.L.; Oliveira, J.C.; Murphy, P.M.; Auty, M.A.E.; Beresford, T.P. Effect of Varying High-Pressure Treatment Conditions on Acceleration of Ripening of Cheddar Cheese. Innov. Food Sci. Emerg. Technol. 2003, 4, 277–284. [Google Scholar] [CrossRef]

	



Ávila, M.; Garde, S.; Fernández-García, E.; Medina, M.; Núñez, M. Effect of High-Pressure Treatment and a Bacteriocin-Producing Lactic Culture on the Odor and Aroma of Hispánico Cheese: Correlation of Volatile Compounds and Sensory Analysis. J. Agric. Food Chem. 2006, 54, 382–389. [Google Scholar] [CrossRef]

	



Ávila, M.; Garde, S.; Gaya, P.; Medina, M.; Núñez, M. Effect of High-Pressure Treatment and a Bacteriocin-Producing Lactic Culture on the Proteolysis, Texture, and Taste of Hispánico Cheese. J. Dairy Sci. 2006, 89, 2882–2893. [Google Scholar] [CrossRef]

	



Ávila, M.; Calzada, J.; Garde, S.; Núñez, M. Effect of a Bacteriocin-Producing Lactococcus lactis Strain and High-Pressure Treatment on the Esterase Activity and Free Fatty Acids in Hispánico Cheese. Int. Dairy J. 2007, 17, 1415–1423. [Google Scholar] [CrossRef]

	



Ávila, M.; Garde, S.; Núñez, M. Effect of a Bacteriocin-Producing Lactic Culture and High Pressure Treatment on the Colour of Hispánico Cheese. Milchwissenschaft 2008, 63, 406–409. [Google Scholar]

	



Garde, S.; Arqués, J.L.; Gaya, P.; Medina, M.; Núñez, M. Effect of High-Pressure Treatments on Proteolysis and Texture of Ewes’ Raw Milk La Serena Cheese. Int. Dairy J. 2007, 17, 1424–1433. [Google Scholar] [CrossRef]

	



Calzada, J.; Del Olmo, A.; Picón, A.; Gaya, P.; Núñez, M. Reducing Biogenic-Amine-Producing Bacteria, Decarboxylase Activity, and Biogenic Amines in Raw Milk Cheese by High-Pressure Treatments. Appl. Environ. Microbiol. 2013, 79, 1277–1283. [Google Scholar] [CrossRef]

	



Calzada, J.; del Olmo, A.; Picon, A.; Núñez, M. Effect of High Pressure Processing on the Lipolysis, Volatile Compounds, Odour and Colour of Cheese made from Unpasteurized Milk. Food Bioprocess Technol. 2015, 8, 1076–1088. [Google Scholar] [CrossRef]

	



Alonso, R.; Picón, A.; Rodríguez, B.; Gaya, P.; Fernández-García, E.; Núñez, M. Microbiological, Chemical, and Sensory Characteristics of Hispánico Cheese Manufactured using Frozen High Pressure Treated Curds made from Raw Ovine Milk. Int. Dairy J. 2011, 21, 484–492. [Google Scholar] [CrossRef]

	



Picón, A.; Alonso, R.; Gaya, P.; Núñez, M. High-Pressure Treatment and Freezing of Raw Goat Milk Curd for Cheese Manufacture: Effects on Cheese Characteristics. Food Bioprocess Technol. 2013, 6, 2820–2830. [Google Scholar] [CrossRef]

	



Sampedro, F.; McAloon, A.; Yee, W.; Fan, X.; Geveke, D.J. Cost Analysis and Environmental Impact of Pulsed Electric Fields and High Pressure Processing in Comparison with Thermal Pasteurization. Food Bioprocess Technol. 2014, 7, 1928–1937. [Google Scholar] [CrossRef]

	



EU Commission. Commission Regulation (EU) no 1129/2011 of 11 November 2011 Amending Annex II to Regulation (EC) no 1333/2008 of the European Parliament and of the Council by Establishing a Union List of Food Additives. Off. J. Eur. Union L 2011, 295, 1. [Google Scholar]

	



Brasca, M.; Morandi, S.; Silvetti, T.; Rosi, V.; Cattaneo, S.; Pellegrino, L. Different Analytical Approaches in Assessing Antibacterial Activity and the Purity of Commercial Lysozyme Preparations for Dairy Application. Molecules 2013, 18, 6008–6020. [Google Scholar] [CrossRef]

	



Hashemi, M.M.; Aminlari, M.; Forouzan, M.M.; Moghimi, E.; Tavana, M.; Shekarforoush, S.; Mohammadifar, M.A. Production and Application of Lysozyme-Gum Arabic Conjugate in Mayonnaise as a Natural Preservative and Emulsifier. Pol. J. Food Nutr. Sci. 2018, 68, 33–43. [Google Scholar] [CrossRef]

	



Bassi, D.; Puglisi, E.; Cocconcelli, P.S. Understanding the Bacterial Communities of Hard Cheese with Blowing Defect. Food Microbiol. 2015, 52, 106–118. [Google Scholar] [CrossRef]

	



D’Incecco, P.; Gatti, M.; Hogenboom, J.A.; Bottari, B.; Rosi, V.; Neviani, E.; Pellegrino, L. Lysozyme Affects the Microbial Catabolism of Free Arginine in Raw-Milk Hard Cheeses. Food Microbiol. 2016, 57, 16–22. [Google Scholar] [CrossRef] [PubMed]

	



Ávila, M.; Gómez-Torres, N.; Hernández, M.; Garde, S. Inhibitory Activity of Reuterin, Nisin, Lysozyme and Nitrite Against Vegetative Cells and Spores of Dairy-Related Clostridium Species. Int. J. Food Microbiol. 2014, 172, 70–75. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, N.; Werkmeister, K.; Becker, C.; Pischetsrieder, M. Prevalence and Stability of Lysozyme in Cheese. Food Chem. 2011, 128, 145–151. [Google Scholar] [CrossRef] [PubMed]

	



Soggiu, A.; Piras, C.; Mortera, S.L.; Alloggio, I.; Urbani, A.; Bonizzi, L.; Roncada, P. Unravelling the Effect of Clostridia spores and Lysozyme on Microbiota Dynamics in Grana Padano Cheese: A Metaproteomics Approach. J. Proteom. 2016, 147, 21–27. [Google Scholar] [CrossRef] [PubMed]

	



EU Commission. Regulation (EU) no 1169/2011 of the European Parliament and of the Council of 25 October 2011 on the Provision of Food Information to Consumers, Amending Regulations (EC) no 1924/2006 and (EC) no 1925/2006 of the European Parliament and of the Council, and Repealing Commission Directive 87/250/EEC, Council Directive 90/496/EEC, Commission Directive 1999/10/EC, Directive 2000/13/EC of the European Parliament and of the Council, Commission Directives 2002/67/EC and 2008/5/EC and Commission Regulation (EC) no 608/2004. Off. J. Eur. Union L 2011, 304, 18–63. [Google Scholar]

	



Zamani Mazdeh, F.; Sasanfar, S.; Chalipour, A.; Pirhadi, E.; Yahyapour, G.; Mohammadi, A.; Rostami, A.; Amini, M.; Hajimahmoodi, M. Simultaneous Determination of Preservatives in Dairy Products by HPLC and Chemometric Analysis. Int. J. Anal. Chem. 2017, 2017, 3084359. [Google Scholar] [CrossRef]

	



Reps, A.; Drychowski, L.J.; Tomasik, J.; Winiewska, K. Natamycin in Ripening Cheeses. Pakistan J. Nutr. 2002, 1, 243–247. [Google Scholar] [CrossRef]

	



Marín, P.; Ginés, C.; Kochaki, P.; Jurado, M. Effects of Water Activity on the Performance of Potassium Sorbate and Natamycin as Preservatives against Cheese Spoilage Moulds. Ir. J. Agric. Food Res. 2017, 56, 85–92. [Google Scholar] [CrossRef]

	



Park, S.; Han, N.; Kim, S.; Yoo, M.; Paik, H.; Lim, S. Evaluation of Natural Food Preservatives in Domestic and Imported Cheese. Korean J. Food Sci. Anim. Resour. 2016, 36, 531–537. [Google Scholar] [CrossRef]

	



Silva, C.C.G.; Silva, S.P.M.; Ribeiro, S.C. Application of Bacteriocins and Protective Cultures in Dairy Food Preservation. Front. Microbiol. 2018, 9, 594. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Hoover, D.G. Bacteriocins and their Food Applications. Compr. Rev. Food Sci. Food Saf. 2003, 2, 82–100. [Google Scholar] [CrossRef]

	



Cui, H.Y.; Wu, J.; Li, C.Z.; Lin, L. Anti-Listeria Effects of Chitosan-Coated Nisin-Silica Liposome on Cheddar Cheese. J. Dairy Sci. 2016, 99, 8598–8606. [Google Scholar] [CrossRef]

	



O’Connor, P.M.; Kuniyoshi, T.M.; Oliveira, R.P.; Hill, C.; Ross, R.P.; Cotter, P.D. Antimicrobials for Food and Feed; A Bacteriocin Perspective. Curr. Opin. Biotechnol. 2020, 61, 160–167. [Google Scholar] [CrossRef]

	



Rodríguez, E.; Gaya, P.; Núñez, M.; Medina, M. Inhibitory Activity of a Nisin-Producing Starter Culture on Listeria innocua in Raw Ewes Milk Manchego Cheese. Int. J. Food Microbiol. 1998, 39, 129–132. [Google Scholar] [CrossRef]

	



Rodríguez, E.; Arqués, J.L.; Gaya, P.; Núñez, M.; Medina, M. Control of Listeria monocytogenes by Bacteriocins and Monitoring of Bacteriocin-Producing Lactic Acid Bacteria by Colony Hybridization in Semi-Hard Raw Milk Cheese. J. Diary Res. 2001, 68, 131–137. [Google Scholar] [CrossRef]

	



Rilla, N.; Martínez, B.; Rodríguez, A. Inhibition of a Methicillin-Resistant Staphylococcus aureus Strain in Afuega’L Pitu Cheese by the Nisin Z–Producing Strain Lactococcus lactis Subsp. lactis IPLA 729. J. Food Prot. 2004, 67, 928–933. [Google Scholar] [CrossRef] [PubMed]

	



Khan, I.; Oh, D. Integration of Nisin into Nanoparticles for Application in Foods. Innov. Food Sci. Emerg. Technol. 2016, 34, 376–384. [Google Scholar] [CrossRef]

	



Yangilar, F. Effects of Natamycin Edible Films Fortified with Essential Oils on the Safety and Quality Parameters of Kashar Cheese. J. Food Saf. 2017, 37, e12306. [Google Scholar] [CrossRef]

	



Lim, H.S.; Kim, J.I.; Ko, K.Y.; Kim, M. Determination of Hexamethylenetetramine in Foods by High-Performance Liquid Chromatography (HPLC). Food Addit. Contam. Part A 2014, 31, 1489–1495. [Google Scholar] [CrossRef]

	



Genualdi, S.; Jeong, N.; Dejager, L. Determination of Endogenous Concentrations of Nitrites and Nitrates in Different Types of Cheese in the United States: Method Development and Validation using Ion Chromatography. Food Addit. Contam. Part A 2018, 35, 615–623. [Google Scholar] [CrossRef] [PubMed]

	



Codex Alimentarius Commission. Codex General Standard for Cheese 283; FAO/WHO: Rome, Italy, 2008. Available online: www.fao.org/input/download/standards/175/CXS_283s.pdf (accessed on 27 May 2021).

	



Menard, C.; Heraud, F.; Volatier, J.; Leblanc, J. Assessment of Dietary Exposure of Nitrate and Nitrite in France. Food Addit. Contam. Part A. 2008, 25, 971–988. [Google Scholar] [CrossRef]

	



EFSA Panel on Food additives and Nutrient Sources added to Food (ANS). Scientific Opinion on the Re-evaluation of Propionic Acid (E 280), Sodium Propionate (E 281), Calcium Propionate (E 282) and Potassium Propionate (E 283) as Food Additives. EFSA J. 2014, 12, 3779. [Google Scholar] [CrossRef]

	



Wemmenhove, E.; van Valenberg, H.J.F.; Zwietering, M.H.; van Hooijdonk, T.C.M.; Wells-Bennik, M.H.J. Minimal Inhibitory Concentrations of Undissociated Lactic, Acetic, Citric and Propionic Acid for Listeria monocytogenes Under Conditions Relevant to Cheese. Food Microbiol. 2016, 58, 63–67. [Google Scholar] [CrossRef]

	



Al-Lahham, S.H.; Peppelenbosch, M.P.; Roelofsen, H.; Vonk, R.J.; Venema, K. Biological Effects of Propionic Acid in Humans; Metabolism, Potential Applications and Underlying Mechanisms. Biochim. Biophys. Acta 2010, 1801, 1175–1183. [Google Scholar] [CrossRef]

	



Nikoo, M.; Regenstein, J.M.; Ahmadi Gavlighi, H. Antioxidant and Antimicrobial Activities of (-) Epigallocatechin-3-Gallate (EGCG) and its Potential to Preserve the Quality and Safety of Foods. Compr. Rev. Food Sci. Food Saf. 2018, 17, 732–753. [Google Scholar] [CrossRef]

	



Mahajan, D.; Bhat, Z.F.; Kumar, S. Pine Needles (Cedrus deodara (Roxb.) Loud.) Extract as a Novel Preservative in Cheese. Food Packag. Shelf Life 2016, 7, 20–25. [Google Scholar] [CrossRef]

	



Mahajan, D.; Bhat, Z.F.; Kumar, S. Pomegranate (Punica granatum) Rind Extract as a Novel Preservative in Cheese. Food BioSci. 2015, 12, 47–53. [Google Scholar] [CrossRef]

	



Rashidinejad, A.; Birch, E.J.; Sun-Waterhouse, D.; Everett, D.W. Effects of Catechin on the Phenolic Content and Antioxidant Properties of Low-Fat Cheese. Int. J. Food Sci. Technol. 2013, 48, 2448–2455. [Google Scholar] [CrossRef]

	



Mahajan, D.; Bhat, Z.F.; Kumar, S. Epigallocatechin-3-Gallate: An Efficient Alternative to Synthetic Antioxidants and Preservatives in Cheese. Nutr. Food Sci. 2017, 47, 191–203. [Google Scholar] [CrossRef]

	



Marinho, M.T.; Zielinski, A.A.F.; Demiate, I.M.; Bersot, L.D.S.; Granato, D.; Nogueira, A. Ripened Semi-hard Cheese Covered with Lard and Dehydrated Rosemary (Rosmarinus officinalis L.) Leaves: Processing, Characterization, and Quality Traits. J. Food Sci. 2015, 80, 2045–2054. [Google Scholar] [CrossRef]

	



Ahmed, M.B.; Foda, M.I. Sensory Evaluation and Antioxidant Activity of New Mudaffara Cheese with Spices under Different Storage Temperatures. J. Appl. Sci. Res. 2012, 8, 3143–3150. [Google Scholar]

	



Shan, B.; Cai, Y.Z.; Brooks, J.D.; Corke, H. Potential Application of Spice and Herb Extracts as Natural Preservatives in Cheese. J. Med. Food 2011, 14, 284–290. [Google Scholar] [CrossRef] [PubMed]

	



Licón, C.C.; Carmona, M.; Molina, A.; Berruga, M.I. Chemical, Microbiological, Textural, Color, and Sensory Characteristics of Pressed Ewe Milk Cheeses with Saffron (Crocus sativus L.) during Ripening. J. Dairy Sci. 2012, 95, 4263–4274. [Google Scholar] [CrossRef] [PubMed]

	



Librán, C.M.; Licón, C.C.; Serrano-Díaz, J.; Carmona, M.; Berruga, M.I. Safranal Transference from Ewe’s Milk to Cheese and Whey and Antifungal Properties of Fortified Whey. Dairy Sci. Technol. 2014, 94, 83–89. [Google Scholar] [CrossRef]

	



Ritota, M.; Mattera, M.; Di Costanzo, M.G.; Manzi, P. Evaluation of Crocins in Cheeses made with Saffron by UHPLC. J. Braz. Chem. Soc. 2018, 29, 248–257. [Google Scholar] [CrossRef]

	



Licón, C.C.; Carmona, M.; Berruga, M.I. Volatile Compounds in Pressed Ewes’ Milk Cheese with Saffron Spice (Crocus sativus L.). Int. J. Dairy Technol. 2015, 68, 399–408. [Google Scholar] [CrossRef]

	



Carocho, M.; Barreira, J.C.M.; Bento, A.; Fernández-Ruiz, V.; Morales, P.; Ferreira, I.C.F.R. Chestnut and Lemon Balm based Ingredients as Natural Preserving Agents of the Nutritional Profile in Matured “Serra Da Estrela” Cheese. Food Chem. 2016, 204, 185–193. [Google Scholar] [CrossRef]

	



Carocho, M.; Barros, L.; Barreira, J.C.M.; Calhelha, R.C.; Soković, M.; Fernández-Ruiz, V.; Buelga, C.S.; Morales, P.; Ferreira, I.C.F.R. Basil as Functional and Preserving Ingredient in “Serra Da Estrela” Cheese. Food Chem. 2016, 207, 51–59. [Google Scholar] [CrossRef]

	



Jeong, E.; Lee, N.K.; Oh, J.; Jang, S.E.; Lee, J.; Bae, I.; Oh, H.H.; Jung, H.K.; Jeong, Y. Inhibitory Effect of Cinnamon Essential Oils on Selected Cheese-Contaminating Fungi (Penicillium spp.) during the Cheese-Ripening Process. Food Sci. Biotechnol. 2014, 23, 1193–1198. [Google Scholar] [CrossRef]

	



Marcial, G.E.; Gerez, C.L.; De Kairuz, M.N.; Araoz, V.C.; Schuff, C.; de Valdez, G.F. Influence of Oregano Essential Oil on Traditional Argentinean Cheese Elaboration: Effect on Lactic Starter Cultures. Rev. Argent. Microbiol. 2016, 48, 229–235. [Google Scholar] [CrossRef]

	



Fernandes, R.; Botrel, D.A.; Monteiro, P.S.; Borges, S.V.; Souza, A.U.; Mendes, L. Microencapsulated Oregano Essential Oil in Grated Parmesan Cheese Conservation. Int. Food Res. J. 2018, 25, 661–669. [Google Scholar]

	



Moro, A.; Librán, C.M.; Berruga, M.I.; Zalacain, A.; Carmona, M. Mycotoxicogenic Fungal Inhibition by Innovative Cheese Cover with Aromatic Plants. J. Sci. Food Agric. 2013, 93, 1112–1118. [Google Scholar] [CrossRef]

	



Ritota, M.; Manzi, P. Natural Preservatives from Plant in Cheese Making. Animals 2020, 10, 749. [Google Scholar] [CrossRef]

	



Tajkarimi, M.M.; Ibrahim, S.A.; Cliver, D.O. Antimicrobial Herb and Spice Compounds in Food. Food Control 2010, 21, 1199–1218. [Google Scholar] [CrossRef]

	



Dima, C.; Dima, S. Essential Oils in Foods: Extraction, Stabilization, and Toxicity. Curr. Opin. Food Sci. 2015, 5, 29–35. [Google Scholar] [CrossRef]

	



Gouvea, F.D.S.; Rosenthal, A.; Ferreira, E.H.D.R. Plant Extract and Essential Oils Added as Antimicrobials to Cheeses: A Review. Ciência Rural 2017, 47, e20160908. [Google Scholar] [CrossRef]

	



El-Sayed, S.M.; Youssef, A.M. Potential Application of Herbs and Spices and their Effects in Functional Dairy Products. Heliyon 2019, 5, e01989. [Google Scholar] [CrossRef] [PubMed]

	



Costa, C.; Lucera, A.; Lacivita, V.; Saccotelli, M.A.; Conte, A.; Del Nobile, M.A. Packaging Optimisation for Portioned Canestrato di Moliterno Cheese. Int. J. Dairy Technol. 2016, 69, 401–409. [Google Scholar] [CrossRef]

	



Picque, D.; Leclercq-Perlat, M.; Guillemin, H.; Cattenoz, T.; Corrieu, G.; Montel, M. Impact of Packaging on the Quality of Saint-Nectaire Cheese. Int. Dairy J. 2011, 21, 987–993. [Google Scholar] [CrossRef]

	



Piscopo, A.; Zappia, A.; De Bruno, A.; Poiana, M. Qualitative Variations on Calabrian Provola Cheeses Stored Under Different Packaging Conditions. J. Diary Res. 2015, 82, 499–505. [Google Scholar] [CrossRef]

	



Poças, M.F.; Pintado, M. Packaging and Shelf Life of Cheese. In Food Packaging and Shelf Life; A Practical Guide; Robertson, G.L., Ed.; CRC Press Taylor and Francis Group: Boca Ratón, FL, USA, 2009; pp. 103–125. [Google Scholar]

	



Parry, R.T. Principles and Applications of Modified Atmosphere Packaging of Foods; Blackie Academic & Professional: London, UK, 1993. [Google Scholar]

	



Miloradovic, Z.; Smigic, N.; Djekic, I.; Tomasevic, I.; Kljajevic, N.; Nedeljkovic, A.; Miocinovic, J. The Influence of NaCl Concentration of Brine and Different Packaging on Goat White Brined Cheese Characteristics. Int. Dairy J. 2018, 79, 24–32. [Google Scholar] [CrossRef]

	



Garabal, J.I.; Rodríguez-Alonso, P.; Franco, D.; Centeno, J.A. Chemical and Biochemical Study of Industrially Produced San Simón da Costa Smoked Semi-Hard Cow’s Milk Cheeses: Effects of Storage under Vacuum and Different Modified Atmospheres. J. Dairy Sci. 2010, 93, 1868–1881. [Google Scholar] [CrossRef]

	



Favati, F.; Galgano, F.; Pace, A.M. Shelf-Life Evaluation of Portioned Provolone Cheese Packaged in Protective Atmosphere. LWT Food Sci. Technol. 2007, 40, 480–488. [Google Scholar] [CrossRef]

	



Romani, S.; Sacchetti, G.; Pittia, P.; Pinnavaia, G.G.; Dalla Rosa, M. Physical, Chemical, Textural and Sensorial Changes of Portioned Parmigiano Reggiano Cheese Packed Under Different Conditions. Food Sci. Technol. Int. 2002, 8, 203–211. [Google Scholar] [CrossRef]

	



Kreft, F. Packaging of Cheese; Agrotechnology & Food Sciences Group of the Wageningen University and Research Centre: Wageningen, The Netherlands, 2008. [Google Scholar]

	



Bellio, A.; Astegiano, S.; Traversa, A.; Bianchi, D.M.; Gallina, S.; Vitale, N.; Zuccon, F.; Decastelli, L. Behaviour of Listeria monocytogenes and Staphylococcus aureus in Sliced, Vacuum-Packaged Raw Milk Cheese Stored at two Different Temperatures and Time Periods. Int. Dairy J. 2016, 57, 15–19. [Google Scholar] [CrossRef]

	



Romani, S.; Sacchetti, G.; Vannini, L.; Pinnavaia, G.G.; Dalla Rosa, M.; Corradini, C. Stabilità in Conservazione del Parmigiano Reggiano Confezionato in Porzioni. Sci. Tec. Latt.-Casearia 1999, 50, 273–290. [Google Scholar]

	



Hocking, A.D.; Faedo, M. Fungi Causing Thread Mould Spoilage of Vacuum Packaged Cheddar Cheese during Maturation. Int. J. Food Microbiol. 1992, 16, 123–130. [Google Scholar] [CrossRef]

	



Tansman, G.F.; Kindstedt, P.S.; Hughes, J.M. Crystal Fingerprinting: Elucidating the Crystals of Cheddar, Parmigiano-Reggiano, Gouda, and Soft Washed-Rind Cheeses using Powder X-Ray Diffractometry. Dairy Sci. Technol. 2015, 95, 651–664. [Google Scholar] [CrossRef]

	



Johnson, M.E.; Riesterer, B.A.; Chen, C.; Tricomi, B.; Olson, N.F. Effect of Packaging and Storage Conditions on Calcium Lactate Crystallization on the Surface of Cheddar Cheese. J. Dairy Sci. 1990, 73, 3033–3041. [Google Scholar] [CrossRef]

	



Rodríguez-Aguilera, R.; Oliveira, J.C.; Montanez, J.C.; Mahajan, P.V. Effect of Modified Atmosphere Packaging on Quality Factors and Shelf-Life of Mould Surface-Ripened Cheese: Part II Varying Storage Temperature. LWT Food Sci. Technol. 2011, 44, 337–342. [Google Scholar] [CrossRef]

	



García Iglesias, E.; Gago Cabezas, L.; Fernández Nuevo, J.L. Tecnologías De Envasado En Atmósfera Protectora: Informe de Vigilancia Tecnológica; Elecé: Madrid, Spain, 2006; Available online: https://www.madrimasd.org/uploads/informacionidi/biblioteca/publicacion/doc/VT/vt3_tecnologias_de_envasado_en_atmosfera_protectora.pdf (accessed on 12 April 2021).

	



Hotchkiss, J.H.; Werner, B.G.; Lee, E.Y. Addition of Carbon Dioxide to Dairy Products to Improve Quality: A Comprehensive Review. Compr. Rev. Food Sci. Food Saf. 2006, 5, 158–168. [Google Scholar] [CrossRef]

	



Cosentino, C.; Paolino, R.; Valentini, V.; Musto, M.; Ricciardi, A.; Adduci, F.; D’adamo, C.; Pecora, G.; Freschi, P. Effect of Jenny Milk Addition on the Inhibition of Late Blowing in Semihard Cheese. J. Dairy Sci. 2015, 98, 5133–5142. [Google Scholar] [CrossRef] [PubMed]

	



González-Fandos, E.; Sanz, S.; Olarte, C. Microbiological, Physicochemical and Sensory Characteristics of Cameros Cheese Packaged under Modified Atmospheres. Food Microbiol. 2000, 17, 407–414. [Google Scholar] [CrossRef]

	



Todaro, M.; Palmeri, M.; Cardamone, C.; Settanni, L.; Mancuso, I.; Mazza, F.; Scatassa, M.L.; Corona, O. Impact of Packaging on the Microbiological, Physicochemical and Sensory Characteristics of a “pasta Filata” Cheese. Food Packag. Shelf Life 2018, 17, 85–90. [Google Scholar] [CrossRef]

	



Colchin, L.M.; Owens, S.L.; Lyubachevskaya, G.; Boyle-Roden, E.; Russek-Cohen, E.; Rankin, S.A. Modified Atmosphere Packaged Cheddar Cheese Shreds: Influence of Fluorescent Light Exposure and Gas Type on Color and Production of Volatile Compounds. J. Agric. Food Chem. 2001, 49, 2277–2282. [Google Scholar] [CrossRef] [PubMed]

	



Dixon, N.M.; Kell, D.B. The Inhibition by CO2 of the Growth and Metabolism of Micro-organisms. J. Appl. Bacteriol. 1989, 67, 109–136. [Google Scholar] [CrossRef]

	



Trobetas, A.; Badeka, A.; Kontominas, M.G. Light-Induced Changes in Grated Graviera Hard Cheese Packaged Under Modified Atmospheres. Int. Dairy J. 2008, 18, 1133–1139. [Google Scholar] [CrossRef]

	



Jakobsen, M.; Bertelsen, G. The use of CO2 in Packaging of Fresh Red Meats and its Effect on Chemical Quality Changes in the Meat: A Review. J. Muscle Foods 2002, 13, 143–168. [Google Scholar] [CrossRef]

	



Agarwal, S.; Costello, M.; Clark, S. Gas-Flushed Packaging Contributes to Calcium Lactate Crystals in Cheddar Cheese. J. Dairy Sci. 2005, 88, 3773–3783. [Google Scholar] [CrossRef]

	



O’Callaghan, K.A.M.; Papkovsky, D.B.; Kerry, J.P. An Assessment of the Influence of the Industry Distribution Chain on the Oxygen Levels in Commercial Modified Atmosphere Packaged Cheddar Cheese using Non-Destructive Oxygen Sensor Technology. Sensors 2016, 16, 916. [Google Scholar] [CrossRef]

	



Dybing, S.T.; Wiegand, J.A.; Brudvig, S.A.; Huang, E.A.; Chandan, R.C. Effect of Processing Variables on the Formation of Calcium Lactate Crystals on Cheddar Cheese. J. Dairy Sci. 1988, 71, 1701–1710. [Google Scholar] [CrossRef]

	



Esmer, O.K.; Balkir, P.; Seckin, A.K.; Irkin, R. The Effect of Modified Atmosphere and Vacuum Packaging on the Physicochemical, Microbiological, Sensory and Textural Properties of Crottin De Chavignol Cheese. Food Sci. Technol. Res. 2009, 15, 367–376. [Google Scholar] [CrossRef]

	



Mexis, S.F.; Chouliara, E.; Kontominas, M.G. Quality Evaluation of Grated Graviera Cheese Stored at 4 and 12 °C using Active and Modified Atmosphere Packaging. Packag. Technol. Sci. 2011, 24, 15–29. [Google Scholar] [CrossRef]

	



Akpinar, A.; Yerlikaya, O.; Kinik, Ö.; Kahraman, C.; Korel, F.; Uysal, H.R. The Volatile Compounds, Free Fatty Acid Composition and Microbiological Properties of Sepet Cheese Packaged with Different Modified Atmosphere Conditions. Kafkas Univ. Vet. Fak. 2017, 23, 123–129. [Google Scholar] [CrossRef]

	



Rodríguez-Alonso, P.; Centeno, J.A.; Garabal, J.I. Biochemical Study of Industrially Produced Arzúa-Ulloa Semi-Soft Cows’ Milk Cheese: Effects of Storage under Vacuum and Modified Atmospheres with High-Nitrogen Contents. Int. Dairy J. 2011, 21, 261–271. [Google Scholar] [CrossRef]

	



Rodríguez-Aguilera, R.; Oliveira, J.C. Review of Design Engineering Methods and Applications of Active and Modified Atmosphere Packaging Systems. Food. Eng. Rev. 2009, 1, 66–83. [Google Scholar] [CrossRef]

	



Kirkin, C.; Gunes, G.; Kilic-Akyilmaz, M. Preservation of Precut White Cheese by Modified Atmosphere Packaging. Int. J. Dairy Technol. 2013, 66, 576–586. [Google Scholar] [CrossRef]

	



Floros, J.D.; Nielsen, P.V.; Farkas, J.K. Advances in Modified Atmosphere and Active Packaging with Applications in the Dairy Industry. Bull. Int. Dairy Fed. 2000, 346, 22–28. [Google Scholar]

	



Costa, M.J.; Maciel, L.C.; Teixeira, J.A.; Vicente, A.A.; Cerqueira, M.A. Use of Edible Films and Coatings in Cheese Preservation: Opportunities and Challenges. Food Res. Int. 2018, 107, 84–92. [Google Scholar] [CrossRef]

	



Bagheripoor, N.; Khoshgozaran-Abras, S.; Sohrabvandi, S.; Khorshidian, N.; Mortazavian, A.M.; MollaKhalili, N.; Jazaeri, S. Application of Active Edible Coatings to Improve the Shelf-Life of Cheese. Food Sci. Technol. Res. 2018, 24, 949–962. [Google Scholar] [CrossRef]

	



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

	



Cerqueira, M.A.; Souza, B.W.S.; Teixeira, J.A.; Vicente, A.A. Effect of Glycerol and Corn Oil on Physicochemical Properties of Polysaccharide Films—A Comparative Study. Food Hydrocoll. 2012, 27, 175–184. [Google Scholar] [CrossRef]

	



Martins, J.T.; Cerqueira, M.A.; Vicente, A.A. Influence of A-Tocopherol on Physicochemical Properties of Chitosan-Based Films. Food Hydrocoll. 2012, 27, 220–227. [Google Scholar] [CrossRef]

	



Ramos, Ó.L.; Fernandes, J.C.; Silva, S.I.; Pintado, M.E.; Malcata, F.X. Edible Films and Coatings from Whey Proteins: A Review on Formulation, and on Mechanical and Bioactive Properties. Crit. Rev. Food Sci. Nutr. 2012, 52, 533–552. [Google Scholar] [CrossRef]

	



Embuscado, M.E.; Huber, K.C. Edible Films and Coatings for Food Applications; Springer: New York, NY, USA, 2009; Available online: http://ebooks.ciando.com/book/index.cfm/bok_id/232846 (accessed on 9 June 2021).

	



Malik, A.; Erginkaya, Z.; Ahmad, S.; Erten, H. Food Processing: Strategies for Quality Assessment Preface; Springer: New York, NY, USA, 2014. [Google Scholar]

	



Debeaufort, F.; Voilley, A. Lipid-Based Edible Films and Coatings; Huber, K.C., Embuscado, M.E., Eds.; Springer: New York, NY, USA, 2009; pp. 135–168. [Google Scholar]

	



Coma, V.; Martial-Gros, A.; Garreau, S.; Copinet, A.; Salin, F.; Deschamps, A. Edible Antimicrobial Films Based on Chitosan Matrix. J. Food Sci. 2002, 67, 1162–1169. [Google Scholar] [CrossRef]

	



Fajardo, P.; Martins, J.T.; Fuciños, C.; Pastrana, L.; Teixeira, J.A.; Vicente, A.A. Evaluation of a Chitosan-Based Edible Film as Carrier of Natamycin to Improve the Storability of Saloio Cheese. J. Food Eng. 2010, 101, 349–356. [Google Scholar] [CrossRef]

	



Wang, L.Z.; Liu, L.; Holmes, J.; Kerry, J.F.; Kerry, J.P. Assessment of Film-Forming Potential and Properties of Protein and Polysaccharide-Based Biopolymer Films. Int. J. Food Sci. Technol. 2007, 42, 1128–1138. [Google Scholar] [CrossRef]

	



Priyadarshi, R.; Rhim, J. Chitosan-Based Biodegradable Functional Films for Food Packaging Applications. Innov. Food Sci. Emerg. Technol. 2020, 62, 102346. [Google Scholar] [CrossRef]

	



Ortiz de Elguea-Culebras, G.; Bourbon, A.I.; Costa, M.J.; Muñoz-Tebar, N.; Carmona, M.; Molina, A.; Sánchez-Vioque, R.; Berruga, M.I.; Vicente, A.A. Optimization of a Chitosan Solution as Potential Carrier for the Incorporation of Santolina chamaecyparissus L. Solid by-Product in an Edible Vegetal Coating on ‘Manchego’ Cheese. Food Hydrocoll. 2019, 89, 272–282. [Google Scholar] [CrossRef]

	



Henriques, M.; Gomes, D.; Pereira, C. Whey protein edible coatings: Recent developments and applications. In Emerging and Traditional Technologies for Safe, Healthy and Quality Food; Anonymous, Ed.; Springer: New York, NY, USA, 2016; pp. 177–196. [Google Scholar]

	



Ramos, O.T.; Pereira, J.O.; Silva, S.I.; Fernandes, J.C.; Franco, M.I.; Lopes-da-Silva, J.A.; Pintado, M.E.; Malcata, F.X. Evaluation of Antimicrobial Edible Coatings from a Whey Protein Isolate Base to Improve the Shelf Life of Cheese. J. Dairy Sci. 2012, 95, 6282–6292. [Google Scholar] [CrossRef]

	



Pintado, C.M.B.S.; Ferreira, M.A.S.S.; Sousa, I. Properties of Whey Protein-Based Films Containing Organic Acids and Nisin to Control Listeria monocytogenes. J. Food Prot. 2009, 72, 1891–1896. [Google Scholar] [CrossRef] [PubMed]

	



Henriques, M.; Pereira, C.; Gil, M.H. Characterization of Bovine and Ovine WPC obtained by Different Membrane Configuration Processes. J. Chem. Chem. Eng. 2011, 5, 316–324. [Google Scholar]

	



Henriques, M.; Santos, G.; Rodrigues, A.; Gomes, D.; Pereira, C.; Gil, M. Replacement of Conventional Cheese Coatings by Natural Whey Protein Edible Coatings with Antimicrobial Activity. J. Hyg. Eng. Des. 2013, 3, 34–47. [Google Scholar]

	



Wagh, Y.R.; Pushpadass, H.A.; Emerald, F.M.E.; Nath, B.S. Preparation and Characterization of Milk Protein Films and their Application for Packaging of Cheddar Cheese. J. Food Sci. Technol. 2014, 51, 3767–3775. [Google Scholar] [CrossRef]

	



Kavas, N.; Kavas, G.; Saygili, D. Use of Ginger Essential Oil-Fortified Edible Coatings in Kashar Cheese and its Effects on Escherichia coli O157: H7 and Staphylococcus aureus. CYTA J. Food 2016, 14, 317–323. [Google Scholar] [CrossRef]

	



Yildirim, M.; Güleç, F.; Bayram, M.; Yildirim, Z. Properties of Kashar Cheese Coated with Casein as a Carrier of Natamycin. Ital. J. Food Sci. 2006, 18, 127–138. [Google Scholar]

	



Ollé Resa, C.P.; Gerschenson, L.N.; Jagus, R.J. Starch Edible Film Supporting Natamycin and Nisin for Improving Microbiological Stability of Refrigerated Argentinian Port Salut Cheese. Food Control 2016, 59, 737–742. [Google Scholar] [CrossRef]

	



Kuorwel, K.K.; Cran, M.J.; Sonneveld, K.; Miltz, J.; Bigger, S.W. Migration of Antimicrobial Agents from Starch-Based Films into a Food Simulant. LWT Food Sci. Technol. 2013, 50, 432–438. [Google Scholar] [CrossRef]

	



Cerqueira, M.A.; Sousa-Gallagher, M.J.; Macedo, I.; Rodriguez-Aguilera, R.; Souza, B.W.S.; Teixeira, J.A.; Vicente, A.A. Use of Galactomannan Edible Coating Application and Storage Temperature for Prolonging Shelf-Life of “Regional” Cheese. J. Food Eng. 2010, 97, 87–94. [Google Scholar] [CrossRef]

	



De Oliveira, T.M.; Soares, N.F.; Pereira, R.M.; De Freitas Fraga, K. Development and Evaluation of Antimicrobial Natamycin-Incorporated Film in Gorgonzola Cheese Conservation. Packag. Technol. Sci. 2007, 20, 147–153. [Google Scholar] [CrossRef]

	



Tapiero Cuellar, J.L.; Soleno, R.W.; Lozada, A.P.; Blandón, V.R.; Ramírez, K.M.; Roser, M.R.; Rivas, Y.R. Evaluación de la Vida Útil de Quesos Semi-maduros con Recubrimientos Comestibles Utilizando Aceite Esencial De Jengibre (Zingiber officinale) como Agente Antimicrobiano. Rev. Colomb. Investig. Agroind. 2017, 4, 78–87. [Google Scholar] [CrossRef]

	



Kampf, N.; Nussinovitch, A. Hydrocolloid Coating of Cheeses. Food Hydrocoll. 2000, 14, 531–537. [Google Scholar] [CrossRef]

	



Dannenberg, G.D.S.; Funck, G.D.; Cruxen, C.E.D.S.; Marques, J.D.L.; Silva, W.P.D.; Fiorentini, Â.M. Essential Oil from Pink Pepper as an Antimicrobial Component in Cellulose Acetate Film: Potential for Application as Active Packaging for Sliced Cheese. LWT Food Sci. Technol. 2017, 81, 314–318. [Google Scholar] [CrossRef]

	



Fuciños, C.; Amado, I.R.; Fuciños, P.; Fajardo, P.; Rúa, M.L.; Pastrana, L.M. Evaluation of Antimicrobial Effectiveness of Pimaricin-Loaded Thermosensitive Nanohydrogel Coating on Arzúa-Ulloa DOP Cheeses. Food Control 2017, 73, 1095–1104. [Google Scholar] [CrossRef]

	



Kavas, G.; Kavas, N.; Saygili, D. The Effects of Thyme and Clove Essential Oil Fortified Edible Films on the Physical, Chemical and Microbiological Characteristics of Kashar Cheese. J. Food Qual. 2015, 38, 405–412. [Google Scholar] [CrossRef]

	



Cano Embuena, A.I.; Cháfer Nácher, M.; Chiralt Boix, A.; Molina Pons, M.P.; Borrás Llopis, M.; Beltran Martínez, M.C.; González Martínez, C. Quality of Goat′s Milk Cheese as Affected by Coating with Edible Chitosan-Essential Oil Films. Int. J. Dairy Technol. 2017, 70, 68–76. [Google Scholar] [CrossRef]

	



Bonilla, J.; Sobral, P.J.A. Gelatin-Chitosan Edible Film Activated with Boldo Extract for Improving Microbiological and Antioxidant Stability of Sliced Prato Cheese. Int. J. Food Sci. Technol. 2019, 54, 1617–1624. [Google Scholar] [CrossRef]

	



El-Sayed, S.M.; El-Sayed, H.S.; Ibrahim, O.A.; Youssef, A.M. Rational Design of Chitosan/Guar Gum/Zinc Oxide Bionanocomposites Based on Roselle Calyx Extract for Ras Cheese Coating. Carbohydr. Polym. 2020, 239, 116234. [Google Scholar] [CrossRef]

	



Yilmaz, F.; Dagdemir, E. The Effects of Beeswax Coating on Quality of Kashar Cheese during Ripening. Int. J. Food Sci. Technol. 2012, 47, 2582–2589. [Google Scholar] [CrossRef]

	



Çetinkaya, A.; Atasever, M. The Effects of Different Salting and Preservation Techniques of Kasar Cheese on Cheese Quality. Turk. J. Vet. Anim. Sci. 2015, 39, 621–628. [Google Scholar] [CrossRef]

	



Hassan, B.; Chatha, S.A.S.; Hussain, A.I.; Zia, K.M.; Akhtar, N. Recent Advances on Polysaccharides, Lipids and Protein Based Edible Films and Coatings: A Review. Int. J. Biol. Macromol. 2018, 109, 1095–1107. [Google Scholar] [CrossRef] [PubMed]

	



Proulx, J.; Sullivan, G.; Marostegan, L.F.; VanWees, S.; Hsu, L.C.; Moraru, C.I. Pulsed Light and Antimicrobial Combination Treatments for Surface Decontamination of Cheese: Favorable and Antagonistic Effects. J. Dairy Sci. 2017, 100, 1664–1673. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.; Ha, J. X-Ray Irradiation Inactivation of Escherichia coli O157:H7, Salmonella enterica Serovar Typhimurium, and Listeria monocytogenes on Sliced Cheese and its Bactericidal Mechanisms. Int. J. Food Microbiol. 2019, 289, 127–133. [Google Scholar] [CrossRef]

	



Luksiene, Z.; Zukauskas, A. Prospects of Photosensitization in Control of Pathogenic and Harmful Micro-Organisms. J. Appl. Microbiol. 2009, 107, 1415–1424. [Google Scholar] [CrossRef]

	



Bumah, V.V.; Masson-Meyers, D.S.; Cashin, S.E.; Enwemeka, C.S. Wavelength and Bacterial Density Influence the Bactericidal Effect of Blue Light on Methicillin-Resistant Staphylococcus Aureus (MRSA). Photomed. Laser Surg. 2013, 31, 547–553. [Google Scholar] [CrossRef]

	



Hyun, J.; Lee, S. Antibacterial Effect and Mechanisms of Action of 460–470 nm Light-Emitting Diode Against Listeria monocytogenes and Pseudomonas fluorescens on the Surface of Packaged Sliced Cheese. Food Microbiol. 2020, 86, 103314. [Google Scholar] [CrossRef]

	



Can, F.O.; Demirci, A.; Puri, V.M.; Gourama, H. Decontamination of Hard Cheeses by Pulsed UV Light. J. Food Prot. 2014, 77, 1723–1731. [Google Scholar] [CrossRef]

	



Proulx, J.; Hsu, L.C.; Miller, B.M.; Sullivan, G.; Paradis, K.; Moraru, C.I. Pulsed-Light Inactivation of Pathogenic and Spoilage Bacteria on Cheese Surface. J. Dairy Sci. 2015, 98, 5890–5898. [Google Scholar] [CrossRef]

	



Lacivita, V.; Conte, A.; Lyng, J.G.; Arroyo, C.; Zambrini, V.A.; Del Nobile, M.A. High Intensity Light Pulses to Reduce Microbial Load in Fresh Cheese. J. Diary Res. 2018, 85, 232–237. [Google Scholar] [CrossRef]

	



Ricciardi, E.F.; Pedros-Garrido, S.; Papoutsis, K.; Lyng, J.G.; Conte, A.; Del Nobile, M.A. Novel Technologies for Preserving Ricotta Cheese: Effects of Ultraviolet and Near-Ultraviolet–Visible Light. Foods 2020, 9, 580. [Google Scholar] [CrossRef]

	



de Moraes, J.O.; Hilton, S.T.; Moraru, C.I. The Effect of Pulsed Light and Starch Films with Antimicrobials on Listeria innocua and the Quality of Sliced Cheddar Cheese during Refrigerated Storage. Food Control 2020, 112. [Google Scholar] [CrossRef]

	



Keklik, N.M.; Elik, A.; Salgin, U.; Demirci, A.; Koçer, G. Inactivation of Staphylococcus aureus and Escherichia coli O157:H7 on Fresh Kashar Cheese with Pulsed Ultraviolet Light. Food Sci. Technol. Int. 2019, 25, 680–691. [Google Scholar] [CrossRef]

	



Odueke, O.B.; Farag, K.W.; Baines, R.N.; Chadd, S.A. Irradiation Applications in Dairy Products: A Review. Food Bioprocess Technol. 2016, 9, 751–767. [Google Scholar] [CrossRef]

	



Kim, H.J.; Song, B.S.; Kim, J.H.; Choi, J.I.; Lee, J.W.; Byun, M.W.; Jo, C.R. Application of Gamma Irradiation for the Microbiological Safety of Sliced Cheddar Cheese. J. Radiat. Ind. 2007, 1, 15–19. [Google Scholar]

	



Seisa, D.; Osthoff, G.; Hugo, C.; Hugo, A.; Bothma, C.; Van der Merwe, J. The Effect of Low-Dose Gamma Irradiation and Temperature on the Microbiological and Chemical Changes during Ripening of Cheddar Cheese. Radiat. Phys. Chem. 2004, 69, 419–431. [Google Scholar] [CrossRef]

	



Velasco, R.; Cambero, M.I.; Ordóñez, J.A.; Cabeza, M.C. The Impact of E-Beam Treatment on the Microbial Population and Sensory Quality of Hard Annatto-Coloured Cheese. LWT Food Sci. Technol. 2019, 101, 315–322. [Google Scholar] [CrossRef]

	



Shalaby, A.R.; Anwar, M.M.; Sallam, E.M.; Emam, W.H. Quality and Safety of Irradiated Food regarding Biogenic Amines: Ras Cheese. Int. J. Food Sci. Technol. 2016, 51, 1048–1054. [Google Scholar] [CrossRef]












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











© 2021 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


  ijerph-18-09789


  
    		
      ijerph-18-09789
    


  




  





media/file0.png





