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Abstract

:

As more and more consumers are becoming conscious of the safety and taste of meat products, the use of natural additives and innovative processing techniques has gained significant attention. Naturally fermented fruit vinegar is rich in organic acids and antioxidant phenolic compounds. In addition, it contains amino acids, minerals, vitamins, and provitamin beta-carotene, and the presence of acetic acid bacteria may have a positive effect on consumer health. The study aimed to assess the impact of different concentrations of apple vinegar addition on the quality of cooked sausage, focusing on physicochemical parameters, including fatty acid profile and oxidative stability, as well as microbiological quality and sensory changes after production and during chilling storage. Four variants of sausage were prepared: C—sausage without apple vinegar; V1—sausage with 1% of apple vinegar; V3—sausage with 3% of apple vinegar; and V5—sausage with 5% of apple vinegar. All of the tests were carried out after production, as well as after 7 and 14 days of refrigeration storage. The addition of apple vinegar decreased the pH value and increased the oxidation-reduction potential and lipid oxidation in the samples V1, V3, and V5. The sausage with the 5% addition of apple vinegar (V5) was characterized by significantly more intensive brightness (parameter L* = 54.67) in comparison to the C sample (parameter L* = 52.78). The sausages that were tested showed good microbiological quality concerning the total number of microorganisms, lactic acid bacteria, and the absence of pathogenic bacteria. The addition of apple vinegar contributed to the reduction in the intensity of the cured meat flavor and the fatty flavor. Therefore, according to the results presented in this work, it can be concluded that 3% of vinegar is the optimal addition, which may be used in the next step of investigation, taking into account color formation abilities as well as microbiological quality and lipid oxidation processes.
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1. Introduction


Cooked sausages are one of the most popular in Poland as well as worldwide ready-to-eat products made from a variety of meats including pork, beef, and chicken [1,2]. Nitrite is a common food additive that plays a crucial role in the production of sausages. Its primary function is to prevent the growth of harmful bacteria, particularly Clostridium spp. Nitrite also plays a crucial role in giving sausages their characteristic pink color. Furthermore, it is effective in inhibiting the oxidation of lipids, which can lead to the development of rancid and unpleasant flavors [3,4,5]. A high intake of nitrites can pose a health risk since it may lead to the formation of cancer-causing N-nitroso compounds [6,7]. Hence, it is imperative to minimize or eliminate the use of nitrites in meat products. Therefore, researchers are investigating natural substitutes to reduce or eliminate the addition of nitrite in meat. In contemporary times, it has become apparent that consumers are increasingly inclined towards meat products that are minimally processed and incorporate natural additives. These natural additives comprise a range of ingredients, including but not limited to salt, vinegar, herbs, spices, and acerola [8,9,10]. As a result, meat producers need to adapt to this trend and offer meat products that meet the preferences of the modern-day consumer.



Fruit vinegar, mainly apple, has been known since ancient times and is used in many cultures around the world. The production of apple vinegar involves a natural fermentation process of crushed apples. Apple vinegar is considered to be a rich source of various organic acids, including acetic, citric, lactic, and apple. In addition to these acids, apple cider vinegar also contains enzymes, pectins, and antioxidant phenolic compounds such as gallic acid, caffeic acid, chlorogenic acid, catechins, and epicatechins [11,12,13,14]. All of these components have been proven to have health-promoting properties. In addition to its other properties, it comprises all the crucial elements that are indispensable for the functioning of complex mechanisms of life [15,16]. These components comprise amino acids and mineral elements like iron, fluorine, potassium, calcium, copper, magnesium, sodium, phosphorus, sulfur, and silicon. In addition to these essential components, it also contains a variety of important vitamins such as A1, B1, B2, B6, C, E, P, and pro-vitamin beta-carotene, which play critical roles in maintaining good health, including supporting immunity. Moreover, naturally fermented vinegar provides environmental acetic acid bacteria with potentially health-promoting properties. Consuming vinegar has health benefits, including antimicrobial and antioxidant effects, positive effects on the cardiovascular system and metabolism, and reducing fatigue [12,17,18]. Natural fruit vinegar is high quality, safe, and nutritious, with characteristic sensory, microbiological, and physicochemical properties. However, some researchers have found that the addition of apple vinegar could affect the sensory quality of the final meat product, especially in terms of its color and consistency characteristics [19,20]. Therefore, this study aimed to assess the impact of different concentrations of apple vinegar addition on the quality of cooked sausage, focusing on changes in the fatty acid profile, oxidative stability, physicochemical parameters, as well as microbiological and sensory qualities after production and during chilling storage. The research presented here is part of a broader investigation project that involves searching for new, natural solutions to ensure the safety of meat products and their appropriate quality in light of the limitations of nitrite additions to meat products.




2. Materials and Methods


2.1. Materials


2.1.1. Apple Vinegar


Apple vinegar was made according to the protocol presented by Łepecka et al. [11]. Briefly, vinegar was created by the natural fermentation of apple juice; the first stage was alcoholic fermentation (anaerobic decomposition of sugars carried out by Tokaj wine yeast), and then, in the process of acetic fermentation, acetic acid bacteria (AAB): Acetobacter pasteurianus O4 (KKP 674; access to GenBank OM200034) and Acetobacter pasteurianus MW3 (KKP 2997; GenBank accession OM212983) converted alcohol into acetic acid were added. The obtained apple vinegar had been naturally cloudy, unfiltered, and unpasteurized.




2.1.2. Preparation of Cooked Organic Sausage


Four groups of cooked meat sausages samples were produced which differed in the various additions of apple vinegar (0, 1, 3, 5%). The sample groups were listed as C—a cooked sausages sample with curing salt (0.8%) without apple vinegar; V1—a cooked sausages sample with curing salt (0.8%) and apple vinegar (1%); V3—a cooked sausages sample with curing salt (0.8%) and apple vinegar (3%); and V5—a cooked sausages sample with curing salt (0.8%) and apple vinegar (5%). The raw material for the sausages’ production was pork and beef from an organic farm in the Masovian Voivodeship. Organic sausage production prioritizes sustainable systems that rely on natural life cycles and reduce the use of chemicals, GMOs, and additives. The experimental material was sausage, which included 25% of pork shoulder, 25% of skinless pork belly, and 50% of lean beef. The meat was minced and divided into four fillings, and the ingredients were added in the following order: curing salt 0.8%, water 10%, apple vinegar (0, 1, 3, 5%), and water to make up for vinegar (5, 4, 2, 0%, respectively). The processing of sausages is shown in Figure 1, and in Table 1, the presentation of the formula of model sausages was included. The photography of the samples of sausages is shown in Appendix A.



After mixing, the stuffings were left for 48 h in a cold room, and then the stuffings were lightly mixed and stuffed into natural casings. The sausages prepared in this way were subjected to the smoking and cooking process at temperatures of up to 70 °C in a traditional smokehouse with the parameters of the smokehouse and the product controlled. A traditional smokehouse was used for smoking, featuring a brick chamber measuring 100 × 100 × 250 cm, lined with clinker. A hearth, situated at a distance of 100 cm from the chamber, was employed to generate smoke from beech wood billets that had been stripped of their bark, with meticulous control of the air supply. The smoke was directed from the fireplace to the bottom of the chamber during a smoking process that was carried out in an open circuit. After cooling, the samples were hermetically sealed using vacuum packaging and stored at a temperature of 4 °C. The products were analyzed immediately after production and after 7 and 14 days of refrigerated storage (4 °C).





2.2. Methods


2.2.1. Microbiological Analysis


The lactic acid bacteria (LAB) count was determined according to PN ISO 15214:2002 [21]. The acetic acid bacteria (AAB) count was determined using a modified solid medium GCA (glucose calcium carbonate agar) containing the following: 2% glucose, 0.3% K-peptone, 0.3% yeast extract, 0.7% calcium carbonate, 2% ethanol, and nystatin (Sigma-Aldrich, Piekary Śląskie, Poland) [11]. The plates were incubated for 72 h at 25 °C. Selected pathogenic bacteria were also assayed. The assaying of L. monocytogenes (LM) was performed based on PN-EN ISO 11290-1:2017 [22], whereas Salmonella (SAL) was performed based on PN-EN ISO 6579 [23] (the samples were tested in terms of the presence in 25 g of the product). The Enterobacteriaceae family (ENT) was enumerated according to ISO 21528-2:2017 [24]. Escherichia coli (EC) were enumerated according to ISO 16649-1:2018 [25]. The coagulase-positive staphylococci (SA) were performed according to ISO 6888-1:2021 [26]. Microbial tests to determine total viable counts (TVC) were performed according to PN-EN ISO 4833-1:2013 [27]. The results were reported as colony-forming units per gram of the product [log cfu/g].




2.2.2. Chemical Composition Analyses


The analysis of the chemical composition of the sausages included the determination of the moisture content according to ISO 1442:1997 [28]; the total protein content according to ISO 937:1978 [29], carried out by the Kjeldahl titration method; the fat content according to ISO 1444:1996 [30], determined by the Soxhlet method; and the carbohydrate content according to the IBPRS-PIB laboratory’s own procedure (PA/09, Issue 3 of 8 June 2021), which is based on the PN-A-82059:1985 [31,32], determined by the titration method. The values are given in %.




2.2.3. pH Value


To evaluate the pH of the samples, they were ground and homogenized with distilled water for 1 min using a blender (MSM 66120, BSH Hausgeräte GmbH, Munich, Germany). The pH of the resulting suspension was measured using a FiveEasy F20 digital pH meter (Mettler Toledo, Schwerzenbach, Switzerland) equipped with a pH In Lab Cool electrode (Mettler Toledo, Greifensee, Switzerland). Before measurements, the electrode was calibrated with standardized buffers at pH 2.0, 4.0, 7.0, and 10.0.




2.2.4. Oxidation-Reduction Potential (ORP), TBARS (Thiobarbituric Acid Reactive Substances) Index


The oxidation-reduction potential (ORP) was determined following the method outlined by Ahn and Nam [33]. A digital pH meter (Delta 350, Mettler Toledo, Schwerzenbach, Switzerland) equipped with an In Lab Redox Pro electrode (Mettler Toledo, Greifensee, Switzerland) was used. Measurements were conducted at 20 °C and the standard hydrogen electrode EH(mv) was used. The results were calculated into the value of ORP. The ORP value of the reference electrode at a temperature of 20 °C Eref = 207 mV was summed up with the value obtained with the equipment.



The lipid oxidation in the sausages was assessed according to Pikul et al. [34]. The amount of thiobarbituric acid reactive substances (TBARS) was measured. The absorbance at 532 nm at approx. 20 °C using a Nicolet Evolution 300 spectrophotometer (Thermo Electron Corp., Waltham, MA, USA) was read. The values were expressed as mg of malondialdehyde (MDA) per kilogram of sample, as shown in the following equation:


TBARS [mg MDA/kg] = 5.5 × absorbance value of the tested sample












2.2.5. Fatty Acid Profile


Gas chromatography with a flame ionization detector (HP/Agilent 6890 II-FID) was used to determine fatty acids, following ISO 12966-1:2014 [35] and according to the methodology of Łepecka et al. [11].




2.2.6. Color Measurements


The color was measured with a Konica Minolta CR-300 colorimeter using the CIELab system to determine lightness (L*), greenness/redness (−a*, +a*), and blueness/yellowness (−b*, +b*). The results are presented as the means with ± standard deviation from forty independent trials.




2.2.7. Sensory Analysis


Sensory evaluations were carried out using the Quantitative Descriptive Analysis (QDA) method. The tests were performed following the requirements of the ISO 13299:2016 standard by a trained team of assessors [36,37]. The QDA assessments were carried out with the participation of an 8-person team of employees of the Department of Food Gastronomy and Food Hygiene of the Warsaw University of Life Sciences—SGGW. Members of the evaluation team were trained in the methodology of the analyses performed and tested for sensory sensitivity. The sensory features examined were selected in a panel discussion and concerned smell, color, consistency, and taste. The average results were based on 10 unit assessments. Samples of 15–20 g of cold cuts were placed in disposable, colorless plastic boxes, covered with lids, and coded with letter and numerical codes. After 15 min, the samples were given to the evaluators for evaluation along with a previously prepared evaluation card. The obtained results were presented using polar plots. The analyzed products were analyzed after 14 days of refrigerated storage. The study was conducted in accordance with the Declaration of Helsinki, and approved by the Rector’s Committee for the Ethics of Scientific Research Involving Humans at WULS-SGGW (Resolution No. 28/RKE/2023/U of 6 July 2023).




2.2.8. Statistical Analysis


The experiments were conducted in three independent production batches. Measurements were repeated at least three times for each production batch. The results obtained from the physicochemical and microbiological analyses underwent statistical analysis using a two-way ANOVA model that accounted for the effects of the treatments (0%, 1%, 3%, and 5% of apple vinegar), storage time (0, 7, and 14 days), and the interaction between the treatments and storage time. Furthermore, the sensory analysis data underwent a one-way ANOVA (between treatments) after 14 days. The mean values and standard deviations were calculated, and the Fisher post-hoc test was used to determine the significance of the mean values for multiple comparisons (p < 0.05). The calculations were performed using the Statistica package, version 13 (StatSoftPolska Sp. z o.o, Cracov, Poland).






3. Results and Discussion


3.1. Chemical Composition


Four types of sausage were produced under the manufacturing conditions. Table 2 presents the chemical composition of the tested sausages. The moisture content of the sausage was 61.3–63.4%, the protein content was 21.2–22.6%, the fat content was 9.8–10.3%, and the carbohydrate content was <0.50%. Upon analysis, the chemical composition of the sausage products was determined to be in accordance with the typical profile of sausages, as indicated in other studies [38].




3.2. Microbiological Quality


All of the tested products were of good microbiological quality in accordance with the Regulation (EC) No. 1441/2007 [39], which is presented in Table 3.



During the storage period, the total viable counts in all of the samples were between 1.00 log cfu/g and 2.36 log cfu/g. Throughout the duration of the storage period, the counts of LAB, Enterobacteriaceae, Escherichia coli, and Staphylococcus aureus in the model sausages remained below 1.0 log cfu/g. The samples with apple cider vinegar (V1, V3, and V5) contained AAB (acetic acid bacteria), the higher concentrations of which were due to the greater amount of vinegar added. According to Table 2, there was no confirmed presence of L. monocytogenes and Salmonella spp. in the products. The obtained results confirmed the high hygienic status of the production process. The heat treatment of the model products and the addition of apple vinegar, which lowered the pH, likely contributed to the low number of total viable microorganisms (TVC). However, the slightly higher count of TVC in samples with higher concentrations of apple vinegar indicates that probably the acetic acid bacteria, which were present in apple vinegar at a level above 6 log cfu/mL, could survive and grow in the samples. Similar results were obtained by Łepecka et al. [11].




3.3. Oxidation-Reduction Potential, pH, and TBARS Index


The physicochemical parameters of model meat products (pH, ORP, and TBARS) were affected by the addition of apple vinegar. Table 4 presents the physicochemical properties of model sausages.



The sausages were analyzed for their pH levels, which varied between 5.46 and 5.85, and an ORP index ranging from 358.50 to 396.15 mV. The TBARS values were between 0.54 and 0.91 mg MDA/kg. Table 3 shows the pH changes in sausages that were treated with apple vinegar during refrigerated storage at 4 °C.



The samples containing vinegar experienced a decrease in pH values immediately after production (0 days). However, these pH values steadily increased as the samples were stored for a longer period. This was associated with the presence of organic acids in naturally fermented apple vinegar absorbed by sausage in the process of curing. At the highest concentration of vinegar (V5), the pH level was significantly reduced. Aktas and Kaya [40] found that marinating beef Longissimus dorsi muscle with weak organic acids and salts impacted its quality. According to their findings, the type and concentration of the organic acid used had a significant influence on the pH values and weight changes. Acid treatment caused lower pH values, denaturing proteins below the isoelectric point and altering their water-binding ability. Previous studies have shown that marinating meat with organic acids significantly lowers its pH value [41,42]. These results have important implications for the food industry, as controlling the pH level is crucial to ensuring the quality and safety of meat products. In a study conducted by Jones et al. [41], it was observed that the addition of vinegar to biltong caused a decrease in the pH value from 5.64 to 4.91. Similarly, Seong et al. [42] found that the pH values of beef, which varied between 5.51 and 5.60, decreased and varied between 5.11 and 5.37 after undergoing the marination process with vinegar. The acidity level of meat affects its ability to hold water. Generally, meat can retain more water when its pH level is either above or below the isoelectric point of the meat proteins. It is worth noting that processed meat products with a lower pH level are less likely to develop pathogenic microbial growth, which ultimately improves their safety and extends their shelf life [43]. The pH of all samples increased throughout the refrigerated storage period, similar to Rahman et al.’s findings [44]. The elevation in the pH level of meat and its derived products is linked to the liberation of basic compounds, which include the imidazole, sulfhydryl, and hydroxyl groups, during processing and storage. We observed the treated batches (V3, V5) as the storage period progressed.



The study revealed a noteworthy impact of treatment and storage time on the oxidation-reduction potential value with a p-value of less than 0.001. Furthermore, an interaction between the treatment and storage time was observed for the oxidation-reduction potential, as indicated in Table 4. The sausage treated with apple vinegar at the 3% and 5% levels showed a significantly higher level of oxidation-reduction potential (ORP) with a range of 13–16 mV compared to the control treatments, immediately after the production process. The lowest ORP value was recorded in the V1 and C treatment at 371.50 mV and 377.08 mV, respectively. However, the addition of apple vinegar at a 1% level did not significantly affect the ORP values, which were similar to the control sample. After seven days of storage, a significant decrease in the ORP value was observed only in the V3 treatment, while a significant increase in the V1 and V5 treatments was recorded (Table 4). The ORP index value further decreased by 18 mV and 6.6 mV in the C and V5 treatment, respectively, after 14 days of storage compared to the value measured after 7 days of storage (p > 0.05). Acetic acid bacteria are a type of bacteria that undergo oxidative metabolism (“oxidative bacteria”). This is because they tend to oxidize certain compounds like ethanol, carbohydrates, and sugar alcohols, resulting in the creation of diverse organic acids, aldehydes, and ketones. The products of these transformations may influence the increase in the oxidation-reduction potential and the amount of secondary fat oxidation products produced [45,46].



The efficacy of food preservation techniques and the impact of processing on the quality and safety of food can be gleaned through the quantification of secondary products. The TBARS value, which is considered an indicator of the lipid oxidation level, is generally correlated with the off-flavor intensity [47,48]. The TBARS value of the samples is reported in Table 4.



Table 4 shows that both apple vinegar and the storage time separately as well as in combination have a significant effect (p < 0.05) on TBARS values. The V3 treatment (with 3% apple vinegar) showed the highest TBARS value of 0.67 mg MDA kg−1 (p < 0.05), while significantly lower values were found in the V5 treatment (0.55 MDA kg−1) directly after production (p < 0.05). After being stored for seven days, the treatment with C showed a lower TBARS value (p < 0.05). However, the treatments with V1 and V5 showed a significant increase (p < 0.001) in the TBARS index value, with the value being higher by 0.1 MDA kg−1 and 0.14 MDA kg−1, respectively, compared to the value measured right after production. After fourteen days, no significant differences in the TBARS values (p > 0.05) were found between treatments. However, all treatments showed a significant increase in the TBARS values (p < 0.05) after fourteen days of storage compared to seven days. During the marinating process, free unsaturated fatty acids are oxidized, resulting in secondary oxidation products. These products can have adverse effects on the taste, smell, and safety of the meat. The nutritional value of meat is also reduced due to the loss of essential fatty acids and vitamins resulting from oxidation. Additionally, lipid oxidation produces toxic compounds that are harmful to health. The first change observed due to oxidation is a gradual reduction in the quality of the meat, leading to color, texture, and appearance changes and the development of rancid odors and flavors that affect consumer acceptance. The study did not exceed the threshold for detecting oxidized taste aroma, which in beef is 2 mg/kg [49,50]. Fencioglu et al. [51] studied the impact of marinating beef steak with different vinegars on its texture, protein profile, and formation of heterocyclic aromatic amines when cooked. However, the marinated and cooked beef steaks did not show any significant differences in the TBARS value. According to the authors, the study results can be explained by the reactivity of thiobarbituric acid reactive substances (TBARS) with several compounds present in meat, including protein and amino acids. The reactive nature of TBARS leads to an interaction with these compounds, which sheds light on the observed outcomes. On the other hand, Rahman et al. [44] reported that fortifying fresh meat with 5% and 10% of vinegar for preservation at 4 °C is highly effective.




3.4. Fatty Acid


The fatty acid composition of the sausage after production and storage is shown in Table 5.



It was found that the changes in the fatty acid profile in individual samples are small but statistically significant. Treatment significantly affected the total saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), and polyunsaturated fatty acid (PUFA) proportions of the sausage (p < 0.05). Analysis of the fatty acid profile in the C treatment after production (time 0) revealed the highest PUFA content (18.03%) and lowest MUFA content (44.68%), significantly (p < 0.05). The opposite trend was observed in the V1 and V3 treatments, where the lowest PUFA content (17.60% and 17.55%, respectively) and the highest MUFA content (45.25% and 45.08%, respectively) were observed. In the V3 treatment, the SFA content was higher than in the V1 and V5 treatments after production (p < 0.05) (Table 4). The significantly higher SFA and lowest MUFA content in the control (C) treatment after production was mainly caused by oxidative changes because unsaturated fatty acids are oxidized faster [49]. The composition of fatty acids in food is subject to change during processing and storage, thereby influencing both the taste and nutritional quality of the food. Unsaturated fatty acids are particularly susceptible to oxidation [48]. In light of our study, it is observed that the use of apple vinegar treatment (V1, V3, V5) resulted in lowered levels of PUFA, coupled with increased levels of TBARS and ORP immediately after production. This observation suggests that vinegar fails to provide adequate protection against lipid oxidation, unlike sodium nitrite employed in the C treatment. Sodium nitrite provides better lipid protection, which is supported by the existing literature [48]. According to a study conducted by Toomik et al. [52], the inclusion of acetic acid in pork marinades is reported to promote the oxidation of the free polyunsaturated fatty acids present in the meat. However, no significant differences in the PUFA content were found among the tested samples in other studies [11]. These results confirm that vinegar and curing salt protect polyunsaturated fatty acids against oxidative changes. There are many factors which determine the susceptibility of meat to lipid oxidation. These factors include, but are not limited to, the balance between antioxidant and pro-oxidant factors, as well as the fatty acid composition of the meat lipid fractions [48,49]. The processing of meat has the potential to disrupt cell structures which can result in the interaction of polyunsaturated fatty acids and prooxidants, leading to lipid oxidation [48,49].




3.5. Color


The sausage with 5% added apple vinegar (V5) had the highest brightness parameter L* (54.67–55.34) immediately after production and throughout storage (p < 0.05) (Table 6).



Sausage C was the darkest (52.78–54.42). Treatments V3 and V5 had significantly higher shades of red (a* 19.21–19.70; p < 0.05). Treatment V3 showed significant reddening after 7 days of storage (a* 19.63; p < 0.05). Only control sausages had the intensity of yellow color that increased during storage (p < 0.05). Sausage V5 was the most yellow (b* 3.01–3.56; p < 0.05). The color of meat depends on heme pigments and their oxidation-reduction changes. The redox status of iron in the myoglobin molecule determines the pinkish-red color of meat [47,53]. The formation of nitrosyl myoglobin (NO-myoglobin) is responsible for this color, which occurs when myoglobin (Fe2+) binds with NO, formed previously from N2O3. Nitrosyl myoglobin (NO-myoglobin) formation causes the color, and heat treatment causes unstable NO-myoglobin to degrade to form nitrosomyochromogen. The color of meat is subject to deterioration as a result of exposure to ultraviolet (UV) light and harmful bacteria. The redness of meat products is largely dependent on the presence of nitric oxide (NO), which serves as a source of nitrite [53]. Based on the analysis of the color (parameter a*) of the tested sausages, we can assume that the addition of apple cider vinegar promoted the formation of NO-myoglobin. The pH plays a crucial role in nitric oxide formation from nitrite. As acidity increases, the reactivity of nitrous acid (HNO2) and nitrite increases. As the pH level is reduced by 0.2–0.3 units, the rate of nitric oxide (NO) formation doubles [54,55]. According to Pohlman et al. [56], a solution containing 1% ozonated water and 5% acetic acid can effectively reduce the redness and oxymyoglobin content, and improve the color stability of displayed beef. Acetic acid promotes pigment oxidation by lowering the muscle pH. The pH levels play a crucial role in ensuring the optimal quality of meat products.




3.6. Sensory Quality


The Quantitative Descriptive Analysis method was used to conduct a sensory evaluation of the experimental sausage samples after 14 days, and the results are presented in Figure 2.



Sensory characteristics such as taste, appearance, texture, color, and smell are essential motivating factors that drive consumers toward the shopping and consumption of food products [49,57]. The products exhibited a pronounced smoked meat flavor profile, with a comparatively lower intensity of cured meat notes. The sensory analysis further revealed the presence of fatty, acidic, and pungent odors, amongst others, albeit at a lesser intensity. A slice of sausage showed the pink color of the meat and the bright white color of the fat. The V1 treatment showed the highest compactness of sausage slice, while significantly lower values were found in the V3 treatment. The juiciness and intensity of the smoked meat flavor were highly evaluated in all treatments, with around 5.7 c.u. and 7.2 c.u., respectively. However, no significant differences were found between the particular samples (p > 0.05). The addition of apple vinegar to the sausage lowered the intensity of the cured meat flavor. The flavor of food is a manifestation of the complex interactions between aroma, taste, and oral sensations. Aroma, in particular, is associated with volatile compounds, while taste is linked with non-volatile, high-molecular-weight components [58]. Lipids, which are present in most food items, play a crucial role in determining the taste and aroma of food. However, lipid oxidation can also lead to the production of off-flavors and volatile compounds that can negatively impact the sensory quality of food. Notably, the number of compounds formed as a result of oxidative transformations in the V1, V3, and V5 treatments was insufficient to cause any significant differences in the sensory quality. The addition of apple vinegar to the sausage decreased the intensity of the fatty flavor, which was probably masked by peptides and free amino acids that could have affected the sensory perceptions of the evaluators [44,57]. There were no statistically significant differences in the intensity of the acid, bitter, pungent, and other flavors between treatments (p > 0.05).





4. Conclusions


In the conclusions, it could be assumed that our study demonstrated the possibility of 1%, 3%, and 5% apple vinegar addition to the sausages during production to improve the quality of the final product. It was found that the addition of apple vinegar to the process of sausage production did not affect significantly the microbiological and sensory quality of the final meat products, but resulted in a slight reduction in the intensity of the cured meat flavor and the fatty flavor, as well as had an impact on color. The sausages with the addition of apple vinegar were characterized by greater redness. The exploration of vinegar’s effects on the production process presents the opportunity to discover a natural and healthier method for adjusting the color of meat products. This avenue of research has the potential to identify and develop alternative methods that are both more environmentally friendly and cost-effective. Therefore, it is believed that the use of vinegar allows for the reduction of the addition of nitrites in the product. However, it should be noticed that the weakness of this solution is undesirable changes in fatty acid composition as well as some physicochemical parameters of model meat products (ORP and TBARS), due to the oxidative fermentation processed by the acetic acid bacteria included in unfiltered vinegar. Therefore, according to the results presented in this work, it can be concluded that 3% of vinegar is the optimal addition, which may be used in the next step of investigation. Further research addressing the use of apple vinegar as a color modulator is needed to better understand the role of oxidative changes in meat products. Moreover, research is warranted to explore the potential of this solution in sausages made from diverse sources, such as poultry, pork, and game. Additionally, it is recommended to examine the effectiveness of other kinds of vinegar, including wine and different fruit vinegar, in this context. Such investigations would provide valuable insights into the versatility of this solution and its potential applicability in a broader range of sausages and vinegar types.
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Figure A1. The photography of cooked meat sausages samples. 
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Figure 1. Processing of cooked sausages. 
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Figure 2. Sensory profile of the sausage after 14 days. Explanatory notes: C—control sausage without apple vinegar; V1, V3, V5—sausage with apple vinegar 1, 3, and 5%, respectively. 
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Table 1. Formula of model sausages.
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Component

	
Treatment




	
C

	
V1

	
V3

	
V5






	
Pork shoulder (kg)

	
25

	
25

	
25

	
25




	
Skinless pork belly (kg)

	
25

	
25

	
25

	
25




	
Lean beef (kg)

	
50

	
50

	
50

	
50




	
Curing salt (99.5% NaCl,

0.5% NaNO2) (kg)

	
0.8

	
0.8

	
0.8

	
0.8




	
Apple vinegar (kg)

	
-

	
1

	
3

	
5




	
Water (kg)

	
15

	
14

	
12

	
10








Explanatory notes: C—control sausage without apple vinegar; V1, V3, V5—sausage with apple vinegar 1, 3, and 5%, respectively.













 





Table 2. Chemical composition of sausage (means ± standard deviation error).
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	Treatment
	Moisture (%)
	Carbohydrates (%)
	Protein (%)
	Fat (%)





	C
	62.6 ± 0.82 b
	<0.5 a
	21.7 ± 0.59 a
	9.9 ± 0.56 ab



	V1
	63.4 ± 0.26 b
	<0.5 a
	21.2 ± 0.40 a
	9.8 ± 0.05 a



	V3
	62.8 ± 0.58 b
	<0.5 a
	21.7 ± 0.32 a
	10.1 ± 0.05 ab



	V5
	61.3 ± 0.36 a
	<0.5 a
	22.6 ± 0.18 b
	10.3 ± 0.11 b







a,b Means in the same columns with different superscript small letters differ significantly (p < 0.05); C—control sausage without apple vinegar; V1, V3, V5—sausage with apple vinegar 1, 3, and 5%, respectively.













 





Table 3. Microbiological analysis of sausage.
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Treatment

	
Storage Time (Days)

	
Treatment

	
Time

	
Treatment × Time




	

	

	
0

	
7

	
14

	
p

	
p

	
p






	
TVC

(log CFU/g)

	
C

	
1.36 ± 0.10 bB

	
1.36 ± 0.10 aB

	
1.00 ± 0.01 aA

	

	

	




	
V1

	
1.10 ± 0.17 aA

	
1.52 ± 0.07 aB

	
1.86 ± 0.03 cC

	
***

	
**

	
***




	

	
V3

	
1.46 ± 0.15 bcA

	
1.75 ± 0.08 bB

	
1.63 ± 0.05 bAB

	

	

	




	

	
V5

	
2.36 ± 0.10 dB

	
2.27 ± 0.08 cB

	
2.07 ± 0.09 dA

	

	

	




	
LAB

(log CFU/g)

	
C

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	
V1

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	
NS

	
NS

	
NS




	

	
V3

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	

	
V5

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	
AAB

	
C

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	
(log CFU/g)

	
V1

	
<1.00 aA

	
<1.00 aA

	
1.20 ± 0.06 bB

	
***

	
*

	
***




	

	
V3

	
1.96 ± 0.08 bA

	
2.07 ± 0.09 bA

	
1.83 ± 0.28 cA

	

	

	




	

	
V5

	
2.99 ± 0.14 cA

	
3.02 ± 0.16 cA

	
2.82 ± 0.11 dA

	

	

	




	
ENT

(log CFU/g)

	
C

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	
V1

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	
NS

	
NS

	
NS




	

	
V3

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	

	
V5

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	
EC

(log CFU/g)

	
C

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	
V1

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	
NS

	
NS

	
NS




	

	
V3

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	

	
V5

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	
SA

(log CFU/g)

	
C

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	
V1

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	
NS

	
NS

	
NS




	

	
V3

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	

	
V5

	
<1.00 aA

	
<1.00 aA

	
<1.00 aA

	

	

	




	
SAL

	
C

	
nd

	
nd

	
nd

	

	

	




	

	
V1

	
nd

	
nd

	
nd

	

	

	




	

	
V3

	
nd

	
nd

	
nd

	
NS

	
NS

	
NS




	

	
V5

	
nd

	
nd

	
nd

	

	

	




	
LM

	
C

	
nd

	
nd

	
nd

	

	

	




	

	
V1

	
nd

	
nd

	
nd

	
NS

	
NS

	
NS




	

	
V3

	
nd

	
nd

	
nd

	

	

	




	

	
V5

	
nd

	
nd

	
nd

	

	

	








a–d Means in the same columns with different superscript small letters differ significantly (p < 0.05); A–C Means in the same row with different superscript capital letters differ significantly (p < 0.05); TVC—total viable count; LAB—lactic acid bacteria, AAB—acetic acid bacteria, ENT—bacteria Enterobacteriaceae, EC—Escherichia coli, SA—coagulase-positive staphylococci (Staphylococcus aureus and other species), SAL—Salmonella spp., LM—Listeria spp. including Listeria monocytogenes; <1.00—counts below the detection limit of the plating method; nd—not detected in 25 g; the values are expressed as means ± SD. p: significance of effects; treatment; time; treatment–time interaction; NS—not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.













 





Table 4. The values of oxidation-reduction potential, pH, and TBARS index of sausage (means ± standard deviation error).
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Treatment

	
Storage Time (Days)

	
Treatment

	
Time

	
Treatment × Time




	

	

	
0

	
7

	
14

	
p

	
p

	
p






	
pH

	
C

	
5.83 ± 0.09 cA

	
5.82 ± 0.02 cA

	
5.85 ± 0.09 bA

	
***

	
**

	
*




	

	
V1

	
5.69 ± 0.04 bA

	
5.69 ± 0.02 bA

	
5.75 ± 0.17 abA

	

	

	




	

	
V3

	
5.50 ± 0.03 aA

	
5.73 ± 0.07 bB

	
5.69 ± 0.05 aB

	

	

	




	

	
V5

	
5.46 ± 0.04 aA

	
5.57 ± 0.02 aB

	
5.63 ± 0.01 aC

	

	

	




	
ORP (mV)

	
C

	
377.08 ± 5.67 aB

	
376.05 ± 2.91 aB

	
358.50 ± 5.16 aA

	
***

	
**

	
***




	
V1

	
371.50 ± 4.63 aA

	
382.43 ± 4.29 bB

	
379.55 ± 7.42 bAB

	

	

	




	
V3

	
392.58 ± 1.06 bB

	
382.23 ± 2.08 bA

	
384.43 ± 6.35 bcA

	

	

	




	
V5

	
390.10 ± 4.06 bA

	
396.15 ± 1.14 cB

	
389.55 ± 3.59 cA

	

	

	




	
TBARS (mg/kg)

	
C

	
0.58 ± 0.09 abA

	
0.54 ± 0.06 aA

	
0.89 ± 0.08 aB

	
*

	
***

	
**




	
V1

	
0.61 ± 0.04 abA

	
0.71 ± 0.04 cB

	
0.86 ± 0.04 aC

	

	

	




	

	
V3

	
0.67 ± 0.05 bA

	
0.64 ± 0.01 bA

	
0.86 ± 0.03 aB

	

	

	




	

	
V5

	
0.55 ± 0.04 aA

	
0.69 ± 0.03 bcB

	
0.91 ± 0.05 aC

	

	

	








a–c Means in the same columns with different superscript small letters differ significantly (p < 0.05); A–C Means in the same row with different superscript capital letters differ significantly (p < 0.05); C—control sausage without apple vinegar; V1, V3, V5—sausage with apple vinegar 1, 3, and 5%, respectively. p: significance of effects; treatment; time; treatment–time interaction; * p < 0.05; ** p < 0.01; *** p < 0.001.













 





Table 5. Fatty acid composition of sausage (means ± standard deviation error).
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Treatment

	
Storage Time (Days)

	
Treatment

	
Time

	
Treatment × Time




	

	

	
0

	
7

	
14

	
p

	
p

	
p






	
SFA

	
C

	
37.25 ± 0.09 abA

	
37.20 ± 0.19 aA

	
37.33 ± 0.18 aA

	
*

	
NS

	
NS




	

	
V1

	
37.13 ± 0.22 aA

	
37.25 ± 0.15 aA

	
37.23 ± 0.29 aA

	

	

	




	

	
V3

	
37.38 ± 0.08 bA

	
37.48 ± 0.27 aA

	
37.35 ± 0.05 aA

	

	

	




	

	
V5

	
37.13 ± 0.04 aA

	
37.18 ± 0.04 aA

	
37.10 ± 0.12 aA

	

	

	




	
MUFA

	
C

	
44.68 ± 0.15 aA

	
45.05 ± 0.27 aB

	
45.10 ± 0.00 aB

	
*

	
NS

	
NS




	

	
V1

	
45.25 ± 0.25 cA

	
45.15 ± 0.05 aA

	
45.15 ± 0.29 aA

	

	

	




	

	
V3

	
45.08 ± 0.04 bcA

	
45.13 ± 0.15 aA

	
45.20 ± 0.24 aA

	

	

	




	

	
V5

	
44.93 ± 0.04 abA

	
45.08 ± 0.04 aA

	
45.03 ± 0.18 aA

	

	

	




	
PUFA

	
C

	
18.03 ± 0.19 bB

	
17.70 ± 0.19 aAB

	
17.58 ± 0.18 aA

	
**

	
NS

	
NS




	
V1

	
17.60 ± 0.23 aA

	
17.60 ± 0.17 aA

	
17.58 ± 0.22 aA

	

	

	




	

	
V3

	
17.55 ± 0.05 aA

	
17.38 ± 0.39 aA

	
17.45 ± 0.23 aA

	

	

	




	

	
V5

	
17.95 ± 0.09 bA

	
17.70 ± 0.00 aA

	
17.83 ± 0.25 aA

	

	

	








a–c Means in the same columns with different superscript small letters differ significantly (p < 0.05) A,B Means in the sam