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Abstract

:

The antioxidant activities (in vitro) of vacuum-packaged dry-cured sausages stored for 1 year, which were treated with varying concentrations of extracts from orange peel (EFOP) in a modification solution, were evaluated using a central composite design. The individual variables: soy lecithin concentration, soy oil concentration, treated time, lactic acid addition, EFOP addition, and dependent variable [i.e., in vitro antioxidant activity] were analyzed by response surface methodology. Among the 32 treatment combinations, treatment 26 (central point) exhibited a higher 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity compared to the control group (natural hog casing without modification). Spectral pre-treatments were applied to enhance the robustness of the model, and a partial least squares regression model (PLSRM) was fitted. The results of the response surface methodology indicated that the interactive effects of a high [soy lecithin concentration] × a high [EFOP addition] yielded a DPPH assay result of over 35%. The determination coefficients (R2 value) of the second-order polynomial model for the simultaneous effects on in vitro antioxidant activity reached 65.28%. The PLSRM developed using average reflectance data after the first derivation pre-treatment demonstrated a higher R2 value in the calibration group compared to the untreated data. The first principal component accounted for 77.39% of the overall attributes and effectively differentiated the sausages’ antioxidant activity from 31.88%.
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1. Introduction


For thousands of years, sausages have been a popular food made from minced meats. While the exact origin of the first sausage remains unclear, these delectable sausage products were traditionally enjoyed during annual festive and sacrificial occasions. The sausage casings, used to encase the minced meats, should possess both strengths to withstand the pressure during stuffing or cooking and the ability to preserve their tender texture [1,2]. Sausage manufacturers face challenges when casings burst, as it leads to significant food waste and hampers efficient sausage production. To address this issue, Feng et al. (2014) explored the modification of casings using varying concentrations of surfactant solution and storage in slush salt [3]. The modified casings’ interior structure was observed to be more permeable, which reduced the incidence of bursting [3]. However, processed meat products are prone to experiencing a decline in redness, loss of lipid and protein functionality, and the development of a rancid flavor. These undesirable effects are attributed to the formation of highly reactive intermediate compounds during oxidation. Notably, processing procedures such as meat grinding can accelerate the rate of lipid oxidation due to the increased surface area exposed to oxygen [4]. Because the casing becomes more porous, it may easily lead to lipid oxidation or other oxidative reactions. It is common to add nitrites as a food additive during sausage production. Nitrites can actually enhance the antioxidant activity of sausages, particularly in vitro (laboratory) conditions. Nitrites, when added to sausages as a curing agent, play a crucial role in preventing bacterial growth, extending shelf life, and giving the meat its characteristic color and flavor. However, their impact on antioxidant activity is slightly complex. Nitrites have been found to exhibit antioxidant properties themselves, as they can scavenge free radicals and prevent oxidative damage. In this sense, they can contribute to the overall antioxidant capacity of sausages. Additionally, nitrites can help to stabilize and protect certain endogenous antioxidants, such as vitamin C and vitamin E, present in the meat. These antioxidants are susceptible to degradation during processing and storage, and nitrites can help preserve their activity.



However, the formation of nitrosamines, which can occur when nitrites react with amino acids and other components of the meat, has been a concern in terms of potential health risks. Nitrosamines are considered carcinogenic, and their presence in processed meats has raised concerns. Therefore, the use of nitrites in food processing is regulated and limited to specific levels to minimize the formation of nitrosamines. Owing to the potential health risk, numerous researchers are interested in exploiting new natural and healthy food preservatives or developing nitrites-free meat products. Serdaroğlu et al. (2023) employed arugula and barberry extracts to heat-treated fermented sausage. The inclusion of barberry extract resulted in a reduction in lipid oxidation compared with other alternatives [5]. The utilization of arugula extract or pre-converted arugula extract led to a decrease in carbonylation when compared to samples without nitrite [5]. Cenci-Goga et al. (2012) investigated the selected lactic acid bacteria starter culture of dairy origin in the nitrite-free low-acid fermented sausage [6]. The results show that lactococci and lactobacilli strains derived from dairy sources have the potential to effectively inhibit pathogens, enhance sensory properties, and simultaneously ensure that the final pH values of non-acid/low-acid fermented sausages remain within the appropriate range [6].



Citrus fruits, which are widely cultivated worldwide for commercial purposes, serve as a vital source for the fruit juice, jams, and jellies industry. These industries play a significant role in creating millions of jobs globally and offer substantial benefits [7,8]. The citrus-processing industry has been reported to generate over forty million tons of waste annually [9]. For instance, orange (Citrus sinensis) alone produces more than sixteen million tons of waste, including orange peel (60–65%) and pulp and seeds (30–35%) [10]. In Japan, it is estimated that around 400 thousand tons of fruit juice are consumed annually. At the JA (Japan Agricultural Cooperative) Foods Factory in Shizuoka prefecture alone, approximately 2000 tons of oranges are processed each year, resulting in the generation of 1000 tons of waste [11]. Considering that Shizuoka prefecture’s orange production accounts for only about 11% of Japan’s total, it suggests the potential for approximately 10 times more waste production [11]. However, managing this waste in compliance with the Food Recycling Law in Japan comes with significant costs. The waste orange peels are typically handled by either being directly discarded in landfills as fertilizer, used as animal feed, or sold as dried orange peels to China for incorporation into Chinese herbal medicine. From an economic perspective, the recycling of waste orange peels can address environmental concerns while also serving as a valuable resource for extracting flavonoids for the pharmaceutical industry [12]. Hesperidin, a flavonoid compound predominantly found in orange peels, processes antioxidative, anti-inflammatory, and anti-cancer properties [13] and shows potential in the treatment of SARS-CoV-2 [14]. Hesperidin has demonstrated effectiveness against various types of cancer, including liver cancer, breast cancer, lung cancer, and others [15]. Recent literature reveals that flavonoids such as hesperidin and rutin show stronger binding affinity to the main protease of COVID-19 compared to nelfinavir [14,16]. Therefore, they could serve as promising starting points for the development of therapeutics against COVID-19. In addition, as the orange peels contain flavonoids that are antioxidative, it may be interesting to investigate the antioxidant effects of orange peel extracts after adding to a casing modification solution on sausage during 1-year long-term storage. Although several studies have addressed applying plant extracts to processed meat products [17,18,19], the addition of orange extracts to casing modification solutions has not been exploited.



Hyperspectral imaging (HSI) is extensively utilized in the analysis of various food items, such as grapes [20,21,22], blueberries [23,24], pork [25,26,27], beef [28,29,30], lamb [31,32,33], and processed meat products [34], enabling the visualization of measured parameters on a pixel-by-pixel basis. In the case of dry-cured sausages (vacuum-packed), HSI has been employed to evaluate their physicochemical attributes, microbiological attributes, and sensory attributes [27]. Aheto et al. (2019) utilized HSI to assess the 2-thiobarbituric acid reactive substances of dry-cured pork meat, achieving prediction determination coefficients of 0.896 with a root mean square error of prediction of 1.034, using the PLSRM [35]. The antioxidant properties of tan mutton were evaluated by HSI coupled with the entropy weight method [36]. These findings clearly demonstrate that HSI is an innovative and efficient analytical technology that surpasses traditional spectroscopic methods.



Previous studies have explored the application of HSI and chemometrics to estimate the color [37,38], pH [39,40], and ATP [41] of sausages. However, limited research has been conducted on the impact of extracts from orange peel added to modified casing solutions on the in vitro antioxidant activity of sausages stuffed in various combinations of modified hog casings. Although sausages may not be commonly associated with being a source of dietary antioxidants or consumed for their antioxidant properties, studying the antioxidant activity of sausages can have several potential benefits:




	(1)

	
Research and analysis in the food industry often explore various aspects of food quality, including the stability and preservation of food products over time.




	(2)

	
Investigating the antioxidant activity of sausages stored for an extended period can provide insights into the oxidative stability of the product and its potential shelf life.




	(3)

	
Antioxidants play a role in inhibiting or slowing down oxidative processes that can lead to changes in flavor, color, texture, and overall quality of food products. By evaluating the antioxidant activity of sausages, researchers can gain a better understanding of the oxidative processes occurring during storage and potential strategies for improving the product’s stability.









Therefore, this study aims to evaluate the combined effects of surfactant solution and EFOP addition on the in vitro antioxidant activity of sausage using HSI and multivariate analysis. Following this, the key wavelengths associated with the in vitro antioxidant activity of sausages treated with different combinations will be identified through multivariate data analysis. Ultimately, multivariate calibration models will be developed using both full and significant wavelengths to establish the relationship between spectral data and in vitro antioxidant activity.




2. Materials and Methods


2.1. Orange Crude Extraction and Casing Modification Solution Preparation


Oranges were harvested in Katsuragi Town, Wakayama Prefecture, in March and were transported using a cold chain system. The orange peels (Citrus sinensis) were dried in an oven at 40 °C for 7 days. Forty grams of finely ground orange powder, obtained from an electric powder mill machine, was extracted using 100% ethanol via Soxhlet extraction [42]. The extracts were left overnight in a fume hood to allow for natural solvent evaporation. The extracts were washed with distilled water, transferred to filter paper, and dried in a desiccator to obtain crude precipitation. The dried precipitation was added to a casing modification solution composed of soy lecithin and soy oil. A length of 30 cm natural hog casing was put in this modification, stirred by a magnetic stirrer at 500 rpm at room temperature for a specific treatment time. The casing section without rinsing was then put in slush salt supplemented with lactic acid (LA) for the same treatment duration. A central composite design was employed to determine the concentrations of casing modification solution, the addition of EFOP, the addition of LA, and treatment time (Table 1). This results in 32 group combinations with 6 replications at the center points. Minitab software (version 21.1, Kozo Keikaku Engineering Inc., Tokyo, Japan) was employed for further data analysis.




2.2. Preparation of Pork Sausages Using Modified Casing and Controlled Natural Casing


The sausage filling composition and concentration are shown in Table 2. The meat and fat were sterilely cut into small pieces and thoroughly mixed with the spices and wine. The resulting mixture was then stuffed into modified casings along with untreated natural hog casings (used as a control) using a stuffing machine (STX-4000-TB2-PD-BL, Electric Meat Grinder & Sausage Stuffer, STX International, Lincoln, NE, USA).



The stuffed sausage sections were immediately dried in a sterilized oven at 45 °C for 24 h and then aged at 20 °C for an additional 48 h. Consequently, the dry-cured sausage sections were cut in a sterilized clean bench, vacuum-packaged, and stored in a refrigerator at 4 °C for one year for further analysis.




2.3. In Vitro Antioxidant Activity of Pork Sausages with Different Types of Casings


To obtain sausage extract, three grams of one-year stored sausage (with casing) was weighed, minced, and homogenized with 10 mL of methanol for 2 min and then subjected to centrifugation (MX-301, Tomy, Tokyo, Japan) at 10,000× g for 10 min at 4 °C. Following this, the methanolic sample solution (100 μL) was added with 3.9 mL of 60 μM 1,1-diphenyl-2-picrylhydrazyl (DPPH) solution, vortexed well, and left for 10 min in an incubator (20 °C). The resulting mixture’s absorbance at 515 nm, with a blank solution consisting of 3.9 mL of 60 μM DPPH and 100 μL of methanol, was measured by a UV spectrophotometer (U5100, Hitachi High-Tech Science Corporation, Tokyo, Japan) to determine the antioxidant activity. The percent inhibition, representing the absorbance at 515 nm, was calculated using the formula:


   Inhibition     %  =    A 1  −      A   2     A 1    × 100  



(1)




where A1 and A2 denote the absorbance of the blank and the sample, respectively.



This method was according to the methods of Manzoor et al. (2023) [18] and Manzoor et al. (2022) [17] with a slight modification. The measurement was carried out in quadruplicate.




2.4. Hyperspectral Data Extraction and Processing


The sausage sample (both front and back side) after 1 year of cold room storage was placed perpendicularly under the hyperspectral camera, rendering the sample’s imaging within the measuring range as much as possible. Images were captured using a hyperspectral camera (EBA Japan, Tokyo, Japan) of model NH-4-KIT. The camera employed a push-broom line scanning method, capturing 151 contiguous spectra with an exposure time of 12.47 ms. To ensure uniform lighting and prevent shadows, a white sheet was utilized, and three halogen lamp lights were positioned around it. Ice bags were placed beneath a black sheet and two fans were set beside the halogen lamp, to avoid the sample temperature increasing greatly due to the halogen lamp heat. The black sheet served to create a clear distinction between the background and the sample. Imaging calibration was conducted using the following equation:


    R  calibration   imaging      =    R i  −      R   ii     R iii  −      R   ii     



(2)







Ri is the raw reflectance image. Rii and Riii are the reflectance images of white (obtained using a 100% white reference) and dark (captured by covering the camera lens in a dark room), respectively. HSIs spectra were extracted and processed using HSAnalyzer software (EBA Japan, Tokyo, Japan). To select the region of interest (ROI), a manual separation process is performed to separate the sample from the background or any undesired elements. The average spectra of the ROIs selected from each sausage are utilized to develop the model.




2.5. Data Pretreatment & Partial Least Square Regression Model Development and Estimation


Prior to fitting the partial least square regression model (PLSRM), several spectral data pre-treatments, including first and second derivations, normalization, standard normal variate treatment (SNVT), and multiplicative scatter correction treatment (MSCT) were employed to enhance the performance of the model. One-third of the samples were designated for the prediction set, while the remaining two-thirds were assigned to the calibration set. The relationship between antioxidant activity and spectra was investigated using a partial least square regression model using the full range of wavelengths. To assess the predictive capabilities, the developed model was compared using metrics such as determination coefficients of validation (Rv2) and calibration (Rc2), as well as root mean square error of calibration (RMSEC) and validation (RMSEV). The Vektor Direktor (v1.1, KAX group, Sydney, Australia) was employed to conduct the multivariate analyses, including PLSRM, and principal component analysis (PCA), and perform all necessary computations.




2.6. Statistical Analysis


The effects of different casing treatments on antioxidant activity were analyzed by the Tukey method via Minitab (version 21.1, Kozo Keikaku Engineering Inc., Tokyo, Japan; one-way ANOVA).





3. Results and Discussion


3.1. Simultaneous Effects on In Vitro Antioxidant Activity of Sausages with Different Casings


Response surface methodology (RSM) was employed to analyze the five concurrent effects on the antioxidant activity of sausages with different casings. The developed regression model for antioxidant activity yields an R2 value of 65.28%, and the lack of fit was found to be not statistically significant at a 5% significance level. The polynomial equations for predicting the antioxidant activity of sausages in uncoded units are as follows:


   Y  antioxidant   activity   = − 515 + 54.3    X a  + 14.6    X b  + 3.38    X c  + 32.9    X d  + 97   X  e    − 1.118    X a 2   − 4.96    X b 2    − 0.00727    X c 2    − 0.536     X d 2    − 79.2    X e 2    + 0.55    X a  ×  X b    − 0.1212    X a  ×  X c    − 1.778    X a  ×  X d    − 17.9    X a  ×  X e    + 0.056    X b  ×  X c    + 0.08    X b  ×  X d    − 23.2     X b  ×  X e    − 0.1024    X c  ×  X d    − 0.044    X c  ×  X e    + 2.70    X d  ×  X e                                                



(3)




where Xa, Xb, Xc, Xd, and Xe are the soy lecithin concentration, soy oil concentration, treated time, lactic acid addition, and EFOP addition. Although statistically insignificant at a 5% level, the addition of orange extract had the most significant impact on the in vitro antioxidant activity of the sausage after one year of storage at 4 °C, as indicated by the corresponding coefficient (97) in Equation (3). The interactive effects of soy lecithin concentration (Xa) and lactic acid (Xd) on antioxidant activity were found at a 10% significant level (Table 3). The 95% Confidence Interval (CI) refers to a range of values that provides an estimate of the uncertainty associated with a parameter or a result obtained from a statistical analysis. Generally, it is expected that true parameters or results should fall within the calculated interval of about 95% during the experimental repetitions. The Variance Inflation Factor (VIF) in RSM is a statistical measure used to assess multicollinearity among the predictor variables in a regression model. The VIF is a metric that quantifies the extent to which the variance of the estimated regression coefficient for a predictor variable is increased due to multicollinearity. A VIF value of 1 indicates no multicollinearity. VIF values greater than 1 but less than 5 generally suggest moderate multicollinearity. VIF values greater than 5 are often considered high, indicating strong multicollinearity that might be problematic for the interpretation and stability of regression coefficients.



According to the surface (Figure 1a) and contour plot (Figure 1b), the values of the DPPH assay increase (>35%) when the SLC was over 1:33.33 along with the lactic acid addition of over 20%. A biodegradable film made from chitosan with tea tree essential oil added with soy lecithin and lactic acid solution was comprehensively studied [43]. The radical scavenging activity (indicated by DPPH) of the film with soy lecithin added to a lactic acid solution (0.75 ± 0.40%) was significantly higher than that of the film without soy lecithin (0.57 ± 0.41%) (p < 0.05) [43]. The authors also stated that lactic acid will positively influence scavenging activity [44]. It is known that soy lecithin is a complex mixture of phospholipids and other compounds found in soybeans. The impact of lecithin as a single additive was weak and provided around 7–17% inhibition of DPPH· radicals [45]. DPPH is a free radical molecule with an unpaired electron. When it comes into contact with an antioxidant compound, the unpaired electron in DPPH is donated to the antioxidant, neutralizing the radical and causing the purple DPPH solution to lose its color. The reduction in DPPH from purple to yellow indicates the scavenging of the free radical and is used to quantify the antioxidant activity. The decrease in the color intensity (absorbance) of the solution is measured spectrophotometrically at a specific wavelength (often around 517 nm). As depicted in Equation (1), a higher inhibition percentage indicates stronger antioxidant activity. Although lecithin alone may show less powerful antioxidants, other factors such as oxygen concentration, metal contaminants, lipid hydroxy compounds, enzymes, light and so on may influence the oxidative stability of lecithin. The higher the unsaturation of lecithin, the more susceptible to oxidative deterioration [45].



With regard to the EFOP addition, the values of the DPPH assay can achieve over 35% when a high SLC (>1:25) is combined with a high EFOP addition (>0.3%). The average antioxidant activity for the control sausage was 32.64 ± 0.86%. The average DPPH radical scavenging activity of treatment 26 (SLC: 1:30, SOC: 1.78%, Treated time: 75 min, lactic acid addition: 19.5 mL/kg NaCl, EFOP addition: 0.26%) was the highest than the other 31 treatments (Table 4). The increasing trend of DPPH radical scavenging activity was also found when the extracts from betel leaf added to sausage increased [18]. The authors attribute this to the existence of bioactive compounds such as chavicol, carvacrol, eugenol, isoeugenol, and hydroxychavicol in the betel leaf extracts [18]. Those polyphenols possess redox properties that exert a useful impact on decomposing peroxide, quenching singlet oxygen, and neutralizing or adsorbing free radicals [18]. Similar observations were reported in the studies of Tran et al. (2020) [46], Manzoor et al. (2022) [17], and Bellucci et al. (2021) [47] for fresh pork sausages added with guava leaves extract, chicken sausages incorporated with mango peel extract, and pork patties added with acai extract, respectively. As for the current study, an increase in DPPH radical scavenging activity may probably be due to the presence of hesperidin, which has antioxidative, anti-inflammatory, and anti-cancer attributes [48]. The content of hesperidin in orange extracts was determined to be 46.82 ± 5.23 μg/40 g of dried orange [49].



The DPPH assay provides a general measure of the ability of compounds to scavenge free radicals, which are known to cause oxidative damage to cells and tissues. In the context of evaluating the preservative effects of compounds or extracts, the assay can be used to indicate their potential to prevent or mitigate oxidative deterioration of products. For example, in the field of food preservation, compounds with strong antioxidant activity as determined by the DPPH assay might be effective in extending the shelf life of food products by preventing lipid oxidation, color changes, and other forms of oxidative degradation. Similarly, in cosmetics or pharmaceuticals, substances with high antioxidant activity could help maintain the stability and effectiveness of formulations by protecting them from oxidation-induced degradation.



However, it’s important to note that while the DPPH assay provides valuable insights into the antioxidant potential of compounds, it represents a simplified in vitro model and does not necessarily replicate the complex interactions that occur within a biological system. Therefore, the results from the DPPH assay should be considered alongside other assays and studies to comprehensively evaluate the preservative effects of compounds or extracts.




3.2. Overview of Extracted Spectra


Figure 2a illustrates the average reflectance of sausages with modified casing under treatment 26 (SLC: 1:30, SOC: 1.78%, Treated time: 75 min, lactic acid addition: 19.5 mL/kg NaCl, EFOP addition: 0.26%) was higher than that of the control. Further investigation shows that the measured average DPPH radical scavenging activity of the treatment 26 sample (49.68 ± 0.65%) was significantly higher than that of the control (32.64 ± 0.86%) (p < 0.05, Table 4), indicating distinct spectral characteristics in the near-infrared (NIR) range for sausages stuffed with different casing treatments. The variations in absorbance are ascribed to the intrinsic vibrations of functional groups, indicating internal structural changes or fluctuations in intermolecular forces [50,51]. For example, the consistent slope observed in the 600–700 nm range signifies the presence of oxymyoglobin, while the transmittance absorption band at 790 nm corresponds to the third overtone of N-H stretching combined with protein [52]. Additionally, subtle absorption of 780 nm corresponds to the third overtones of O-H stretching, and that of 980 nm is linked to its second overtones, which are associated with water [53]. Finally, the absorption peak of 940 nm is related to fat and represents the third overtone of C-H stretching [53].



Figure 2b depicts that the first principal component (PC 1) can elucidate 77.39% of the whole attributes and can comparably divide the sausages’ antioxidant activity from 31.88%.




3.3. PLSRM Model Performance


The development of multivariate calibration models using spectral data indicates an intention to establish a relationship between the measured in vitro antioxidant activity and the spectral characteristics of the sausages. Both the full and average spectra were utilized for multivariate analysis. According to Table 5, the use of SNVT for the full wavelengths resulted in a higher Rc2 value (0.319) compared to the raw data (0.218), indicating a slight amelioration in the model. SNVT is used to minimize variability in reflectance spectra caused by light scattering [52]. Similarly, normalization is known to enhance spectral characteristics by producing spectra with consistent areas under the curve, facilitating feature comparison within the same plot [54]. Furthermore, it is more effective than conventional spectrophotometry in achieving a higher signal-to-noise ratio. The application of first and second derivations helps eliminate background noise and baseline drift as well as enhances the clarity of subtle spectral features. As for multiplicative scatter correction treatment, it compensates for additive and multiplicative effects [55]. The combination was employed as both SNVT and normalization achieved better R2 values than raw data (untreated). However, it did not show improvement compared to using SNVT alone. Using the full spectra in the calibration model enables the detection and correction of instrument drift or non-linearity. Incorporating all spectral features in the calibration improves the model’s accuracy and ensures that relevant information is considered. This is crucial for applications where even subtle differences between samples are significant. Furthermore, utilizing the full spectra lessens the risk of overfitting, especially when the model becomes overly complex and fails to generalize well to new data.



In order to enhance the model’s performance, the average spectra were also employed to fit the PLSRM model. The R2 values for both calibration and prediction sets were surprisingly improved in most cases, which may be credited to removing the noise and pixel outliers.





4. Conclusions


The objective of this study was to evaluate the potential of a hyperspectral imaging system for in vitro antioxidant activity of sausage surface after 1 year of storing in a cold room (4 °C). It reveals how antioxidant activity responds to different casing modifications with the addition of orange extracts during long-term storage. The study likely explores the technological aspect of utilizing natural extracts as a potential strategy for enhancing the oxidative stability and overall quality of the sausages during storage. The main findings can be summarized as follows:




	(1)

	
Response surface methodology was employed to study the impact of different modification processes with varying concentrations of extracts addition from orange peel on the in vitro antioxidant activity of sausages. The model achieved an R2 value of 65.28% with no significant lack of fit. The values of the DPPH assay can achieve over 35% when a high soy lecithin concentration (>1:25) was associated with a high extract addition from orange peel (>0.3%).




	(2)

	
The average reflectance of sausages with treatment 26 (central point) was higher than that of the control group using natural hog casing.




	(3)

	
PLSRM developed from the average spectra achieved comparably higher than that using full spectra.









The current study exhibits both a technological interest in evaluating the effects of orange peel extract addition on sausages’ antioxidant capacity, as well as an inspection and quality control interest through the development of multivariate calibration models based on spectral data. The current study tried to explore the potential benefits of natural extracts and establish tools for assessing the sausages’ antioxidant activity or quality in a more efficient and cost-effective manner. However, further studies on lipid peroxidation, microbial, textural, sensorial analysis, physicochemical properties, and so on need to be conducted before this type of sausage comes to the consumers’ table.
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Figure 1. The simultaneous effects [Soy lecithin concentration (SLC) and lactic acid addition (a,b); SLC and extracts from orange peel (EFOP) (c,d)] on DPPH radical scavenging activity of sausages. 
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Figure 2. Average samples with different modified casing treatments (denoted as the number) in the spectral range of 380 to 1100 nm (a); PCA score of DPPH radical scavenging activity of sausage with different casing treatment after 1-year storage (b). PC 1: the first principal component, PC2: the second principal component, PC3: the third principal component. 
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Table 1. Combinations of casing modification added with EFOP.






Table 1. Combinations of casing modification added with EFOP.





	
Coded

Variable Level

	
Factors




	
SLC (%, w/w, Xa)

	
SOC (%, w/w, Xb)

	
Treated Time (min, Xc)

	
Lactic Acid Addition (mL/kg NaCl Xd)

	
EFOP Addition

(%, w/w, Xe)






	
Star

	
−2

	
1:90

	
0.6

	
45

	
16.5

	
0




	
Low

	
−1

	
1:45

	
1.18

	
60

	
18

	
0.12




	
Center

	
0

	
1:30

	
1.78

	
75

	
19.5

	
0.26




	
High

	
1

	
1:22.5

	
2.39

	
90

	
21

	
0.40




	
Star

	
2

	
1:18

	
2.94

	
105

	
22.5

	
0.54








Note: SLC: soy lecithin concentration = soy lecithin:distilled water (w/w), SOC: soy oil concentration, EFOP: extracts from orange peel.













 





Table 2. Materials for sausage production.






Table 2. Materials for sausage production.





	Sausage Filling Composition
	Concentration (%)





	Lean pork
	57.70



	Back fat
	24.69



	Chinese white wine (52% of ethanol content, v/v)
	10.31



	Salt
	2.87



	Sugar
	1.72



	Spicy red pepper
	0.61



	Black pepper
	1.06



	Coriander powder
	0.34



	Garam masala powder
	0.34



	Turmeric powder
	0.34










 





Table 3. Summary of regression for response variables: coefficients presented in relation to coded factors, along with goodness-of-fit statistics.
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Coded Coefficients

	

	

	

	

	

	




	
Term

	
Coefficients

	
SE Coefficients

	
95% CI

	
t-Value

	
p-Value

	
VIF






	
Constant

	
38.07

	
2.56

	
(32.44, 43.71)

	
14.86

	
0.000

	




	
SLC (%, w/w, Xa)

	
−0.63

	
1.31

	
(−3.51, 2.26)

	
−0.48

	
0.642

	
1




	
SOC (%, w/w, Xb)

	
−1.5

	
1.31

	
(−4.38, 1.39)

	
−1.14

	
0.278

	
1




	
Treated Time (min, Xc)

	
−0.32

	
1.31

	
(−3.20, 2.57)

	
−0.24

	
0.812

	
1




	
Lactic acid addition (mL/kg NaCl Xd)

	
−1.17

	
1.31

	
(−4.06, 1.71)

	
−0.89

	
0.390

	
1




	
EFOP addition (%, w/w, Xe)

	
0.27

	
1.31

	
(−2.62, 3.15)

	
0.21

	
0.841

	
1




	
    X a 2    

	
−1.38

	
1.19

	
(−3.99, 1.23)

	
−1.16

	
0.27

	
1.02




	
    X b 2    

	
−1.94

	
1.19

	
(−4.55, 0.67)

	
−1.63

	
0.131

	
1.02




	
    X c 2    

	
−1.64

	
1.19

	
(−4.25, 0.97)

	
−1.38

	
0.195

	
1.02




	
    X d 2    

	
−1.21

	
1.19

	
(−3.82, 1.40)

	
−1.02

	
0.331

	
1.02




	
    X e 2    

	
−1.5

	
1.19

	
(−4.11, 1.11)

	
−1.26

	
0.233

	
1.02




	
Xa × Xb

	
0.38

	
1.61

	
(−3.15, 3.91)

	
0.24

	
0.817

	
1




	
Xa × Xc

	
−2.02

	
1.61

	
(−5.55, 1.52)

	
−1.26

	
0.235

	
1




	
Xa × Xd

	
−2.96

	
1.61

	
(−6.49, 0.57)

	
−1.84

	
0.092

	
1




	
Xa × Xe

	
−2.73

	
1.61

	
(−6.27, 0.80)

	
−1.7

	
0.117

	
1




	
Xb × Xc

	
0.53

	
1.61

	
(−3.00, 4.06)

	
0.33

	
0.748

	
1




	
Xb × Xd

	
0.08

	
1.61

	
(−3.46, 3.61)

	
0.05

	
0.963

	
1




	
Xb × Xe

	
−1.99

	
1.61

	
(−5.52, 1.54)

	
−1.24

	
0.241

	
1




	
Xc × Xd

	
−2.3

	
1.61

	
(−5.84, 1.23)

	
−1.43

	
0.179

	
1




	
Xc × Xe

	
−0.09

	
1.61

	
(−3.62, 3.44)

	
−0.06

	
0.956

	
1




	
Xd × Xe

	
0.56

	
1.61

	
(−2.98, 4.09)

	
0.35

	
0.735

	
1








Note: SLC: soy lecithin concentration = soy lecithin:distilled water (w/w), SOC: soy oil concentration, EFOP: extracts from orange peel, 95% CI: 95% confidence interval, VIF: variance inflation factor.













 





Table 4. Antioxidant activity of sausage with different modified casing treatments added with orange extracts.
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	Treated Sample
	DPPH (%)





	1
	46.76 ± 0.12 a



	2
	31.67 ± 0.27 cdefghi



	3
	32.08 ± 0.64 bcdefgh



	4
	33.15 ± 0.43 bcdefg



	5
	29.27 ± 0.14 efghi



	6
	36.18 ± 3.93 bcd



	7
	34.22 ± 0.99 bcdef



	8
	29.93 ± 6.19 defghi



	9
	34.81 ± 0.89 bcdef



	10
	26.57 ± 0.10 hi



	11
	35.70 ± 1.83 bcde



	12
	38.33 ± 4.69 b



	13
	33.19 ± 0.38 bcdefg



	14
	28.05 ± 0.10 efghij



	15
	32.26 ± 0.36 bcdefgh



	16
	31.23 ± 1.88 cdefghi



	17
	27.09 ± 0.73 ghi



	18
	20.10 ± 3.63 jk



	19
	32.60 ± 2.26 bcdefg



	20
	14.07 ± 1.11 k



	21
	34.81 ± 4.74 bcdef



	22
	38.36 ± 2.18 b



	23
	33.22 ± 1.06 bcdefg



	24
	33.52 ± 0.76 bcdefg



	25
	32.08 ± 0.30 bcdefgh



	26
	49.68 ± 0.65 a



	27
	37.40 ± 0.90 bc



	28
	33.15 ± 0.68 bcdefg



	29
	28.60 ± 0.50 fghi



	30
	25.20 ± 0.82 ij



	31
	29.27 ± 3.63 cdefghi



	32
	31.89 ± 6.15 efghi



	Control
	32.64 ± 0.86 bcdefg







Note: The data are presented as the mean value ± standard deviation (SD), values marked with different letters in the same column mean a significant difference (p < 0.05).













 





Table 5. Hyperspectral data analyzed by chemometrics.
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Treatments

	
Calibration Group

	
Prediction Group

	
Cross-Validation




	

	

	
Rc2

	
Root Mean Square Error of Calibration (%)

	
Rp2

	
Root Mean Square Error of Prediction (%)

	
Rcv2

	
Root Mean Square Error of Cross-Validation (%)






	
Full wavelengths

(n = 75)

	
Raw data (untreated)

	
0.218

	
5.208

	
0.165

	
6.633

	
0.202

	
5.695




	
MSCT

	
0.211

	
5.231

	
0.136

	
6.7461

	
0.191

	
5.735




	
1st Derivation

	
0.056

	
5.719

	
Na

	
7.289

	
0.033

	
6.270




	
SNVT

	
0.319

	
4.856

	
0.103

	
6.876

	
0.303

	
5.324




	
2nd Derivation

	
0.115

	
5.539

	
0.035

	
7.131

	
0.102

	
6.043




	
Normalization

	
0.232

	
5.160

	
0.146

	
6.707

	
0.212

	
5.659




	
SNVT + Normalization

	
0.002

	
5.882

	
0.009

	
7.225

	
0.07

	
6.354




	
Normalization + SNVT

	
0.319

	
4.860

	
0.103

	
6.876

	
0.303

	
5.324




	
Average wavelengths

(n = 37)

	
Raw data (untreated)

	
0.368

	
3.336

	
0.067

	
8.190

	
0.030

	
5.054




	
MSCT

	
0.340

	
3.410

	
0.092

	
8.080

	
0.304

	
5.041




	
1st Derivation

	
0.497

	
2.976

	
0.188

	
7.639

	
0.421

	
4.600




	
SNVT

	
0.334

	
3.426

	
0.160

	
7.772

	
0.302

	
5.048




	
2nd Derivation

	
0.385

	
3.293

	
0.03