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A B S T R A C T   

This study investigated the physicochemical and flavor quality changes in fresh-cut papaya that 
was stored at 4 ◦C. Multivariate statistical analysis was used to evaluate the freshness of fresh-cut 
papaya. Aerobic plate counts were selected as a predictor of freshness of fresh-cut papaya, and a 
prediction model for freshness was established using partial least squares regression (PLSR), and 
support vector machine regression (SVMR) algorithms. Freshness of fresh-cut papaya could be 
well distinguished based on physicochemical and flavor quality analyses. The aerobic plate 
counts, as a predictor of freshness of fresh-cut papaya, significantly correlated with storage time. 
The SVMR model had a higher prediction accuracy than the PLSR model. Combining flavor 
quality with multivariate statistical analysis can be effectively used for evaluating the freshness of 
fresh-cut papaya.   

1. Introduction 

Papaya pulp has a high nutritional and medicinal value. It contains a variety of nutrients and mineral elements, making it a popular 
fruit for fresh consumer market consumption. Owing to consumers’ busy lifestyles and increased health consciousness, fresh-cut fruit is 
highly sought after for convenience and health benefits. However, microorganisms can more easily invade fresh-cut papaya, since the 
original protective structure of the papaya is disrupted. Abiotic stresses, such as oxidative stress, accelerate the internal biochemical 
processes of papaya metabolism. These actions increase the susceptibility of fresh-cut papaya to decay and deterioration [1]. 
Therefore, ensuring the safety of fresh-cut papaya is particularly important. 

The methods traditionally used to determine the shelf life of fresh-cut fruit rely on the physical, chemical, microbiological, and 
sensory evaluations of basic indicators [2]. However, most physicochemical methods require skilled personnel to operate, are 
extremely time-consuming and labor-intensive, and are not applicable to fresh-cut food with a short shelf life [3]. The electronic 
tongue (E-tongue) and electronic nose (E-nose) effectively simulate the human senses of taste and smell, respectively, and have already 
proved to be good substitutes for methods of detecting food taste and odor, with obvious advantages such as good reproducibility and 
objectivity [4]. The E-tongue selectively adsorbs different flavors of samples through biofilms on different sensors and generates 
different electrical signals into data for analysis based on different chemical information [5]. E-nose is an electronic sensing device 
detects odors through the interaction of various gas sensors with odor molecules to produce responsive sensor electrical signals, which 
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is converted into processed data. They can quickly reflect the overall quality information of the samples, thereby identifying and 
classifying the samples. 

Storing fresh-cut papaya reduces the microbial resistance of the papaya, gradually softens the flesh, changes its color and flavor, 
and limits consumer purchases. The microbiological infestation limit of fresh-cut fruit is 105 CFU/g (GB 29921-2021); therefore, a 
reliable shelf-life prediction model for fresh-cut papaya using aerobic plate counts as an indicator is particularly important. Partial 
least squares regression prediction (PLSR), which is the most commonly used analytical method for meteorological modeling, has been 
widely used in prediction models for the ripeness of apples [6], bananas [3], and croakers [7], etc. Support vector machine regression 
prediction (SVMR) is popular owing to its ability to efficiently train small datasets and achieve structural risk minimization [8], with 
applications in the prediction of the freshness of blueberries [9], mushrooms [10], chickens [11], and horse mackerel [12]. 

Currently, only a few methods have been reported for the rapid assessment of the freshness of fresh-cut fruit. Therefore, an 
immediately rational method for assessing the freshness of fresh-cut fruit and establishing the criteria for evaluating their quality is 
useful. This study aimed to use the PLSR and SVMR models of the E-tongue and E-nose, with the total aerobic plate counts as a freshness 
evaluation factor, to provide a reference for the assessment and prediction of freshness of fresh-cut papaya. 

2. Materials and methods 

2.1. Fruit materials 

Undamaged Xiangmi red-fleshed papaya of similar weight was purchased from Fruit Wholesale Market located in Shenyang, 
Liaoning, China. The papaya originated in Hainan, China. After washing the intact papaya with room temperature (20 ◦C) tap water to 
remove skin dust and wiping off the water with clean paper, the papaya was peeled and cut into cubes of approximately 3.0 × 3.0 ×
3.0 cm, which were placed in a box. A polyethylene-polyethylene terephthalate (PE-PET) laminate film was wrapped around the top of 
the boxes using a sealing machine and stored in a refrigerator at 4 ± 1 ◦C. 

2.2. Physicochemical quality measurement 

Fresh-cut papaya samples were measured daily during eight days storage, with three technical replicates and three biological 
replicates for each sample (nine replicate experiments). 

2.2.1. Flesh firmness 
The firmness of fresh-cut papaya was determined using a texture analyzer (CT3 10 K; Brookfield, WI, USA). The test was performed 

with a 2 mm diameter TA39 cylindrical flat probe with a compression level of approximately 30 %, a test rate of 1.0 mm/s and a trigger 
force of 0.1 N. 

2.2.2. Weight loss 
During storage, loss of mass caused the fresh-cut papaya to shrink. The mass of the fresh-cut papaya was measured using a lab-

oratory analytical balance (JJ500, Jiangsu, China) and the weight loss rate was calculated using equation (1): 

ΔW(%)=
W0 − W1

W0
× 100% (1)  

Where ΔW is the weight loss rate of fresh-cut papaya (%), W0 is the initial mass of fresh-cut papaya before storage (g), W1 is the mass of 
fresh-cut papaya after storage (g). 

2.2.3. Titratable acid 
The titratable acid (TAC) content of fresh-cut papaya was measured using the acid-base titration method. Fresh-cut papaya ho-

mogenate was taken in a triangular flask, distilled water was added to it, which was then placed in a water bath at 80 ◦C, then taken 
filtrate after cooling. Using phenolphthalein indicator, the filtrate was titrated with 0.10 mol L− 1 NaOH for 30s without fading. The 
TAC equation (Eq. 2) is as follows: 

TAC(%)=
V ∗ 0.10 ∗ V1 ∗ 0.070

m ∗ V0
× 100% (2)  

Where V is the volume of the sample extract (ml), V1 is the volume of the NaOH solution consumed (ml), m is the weight of the fresh-cut 
papaya (g), V0 is the measured sampling volume. 

2.2.4. Soluble sugar 
The soluble sugar (SS) content of fresh-cut papaya was determined using the anthrone-sulphuric acid method [13]. 

2.2.5. Color difference 
The color difference of fresh-cut papaya was measured using a colorimeter (Konica Minolta CR-400, Tokyo, Japan) with a pulsed 

xenon lamp as the light source maintained at 90◦ perpendicular to the samples during use. First, the colorimeter was calibrated by 
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pressing the measurement key after pointing the probe at the center of the white calibration plate. The probe was then aimed at the 
fresh-cut papaya, and color data were obtained by pressing the measurement key. The data were recorded as L* (brightness), a* (red- 
green), and b* (yellow-blue). The final formula for the total color difference (ΔE) value of fresh-cut papaya was calculated using 
equation (3): 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(L∗ − L)2
+ (a∗ − a)2

+ (b∗ − b)2
√

(3)  

Where L*, a*, b* are the color parameters of fresh-cut papaya during storage and L, a, b are the initial color parameters of fresh-cut 
papaya before storage. 

2.3. E-tongue analysis 

According to the method suggested by Ref. [14], the flavor of fresh-cut papaya was analyzed using an E-tongue (Taste-Sensing 
System SA-402B, Tokyo, Japan), with slight modifications. The fresh-cut papaya samples were pounded and homogenized; the su-
pernatant was filtered after centrifugation at 8000 r/min, 4 ◦C for 15 min. The pure juice of the filtered papaya was diluted with 
distilled water at a ratio of 1:2 to obtain the E-tongue test solution. The SA-402B E-tongue taste analysis system consists of six test 
sensors and three reference electrodes. They were activated 24 h prior to sample measurement. The test sensors measured the sourness 
(CA0), bitterness (C00), astringency (AE1), umami (AAE), saltiness (CT0), and sweetness (GL1). The taste of fresh-cut papaya samples 
was digitally determined using the six sensors mentioned above. 

2.4. Electronic nose analysis 

The aroma of fruit is essential for consumers’ sensory acceptance. The characteristic aroma of the fresh-cut papaya was measured 
using a PEN3 E-nose (Insent Company, Atsugi City, Japan). The E-nose experiments were performed using direct headspace aspiration 
according to the method of [15]. The E-nose contains 10 different metallic oxide sensors respond to aromatic components such as 
benzene (W1C), nitrogen oxides (W5S), ammonia and aromatic components (W3C), hydrogen (W6S), alkane aromatic components 
(W5C), short chain alkanes (W1S), anode sulfides (W1W), alcohols, ethers, aldehydes and ketones (W2S), aromatic components and 
organic sulfides (W2W), and long-chain alkanes (W3S), to form the sensor array. 

2.5. Qualitative analysis 

Multivariate analysis was performed on the E-tongue and E-nose data of fresh-cut papaya. Hierarchical cluster analysis (HCA) and 
principal component analysis (PCA) were applied to qualitatively classify freshness of fresh-cut papaya. With the help of HCA, the 
dataset was divided into different levels according to the degree of similarity between variables; all samples were clustered into one 
category, and the results were displayed as a tree-shaped clustering diagram. 

PCA is an effective dimensionality reduction method transforms multiple variables into a composite variable that represents as 
much of the original information as possible, that is, the principal components. PCA plots indicate the position of each sample in the 
principal components, and classify the samples in a basic manner [16]. 

2.6. Quantitative regression 

A regression prediction model for the physicochemical quality indicators of fresh-cut papaya was developed based on sensor data 
from the E-tongue and E-nose. PLSR is one of the most commonly used methods for multiple linear regression modeling in chemometric 
modeling analysis; it creates a linear regression model by simulating predictors and observable variables and projecting them into a 
new space [17]. PLSR has the advantages of PCA and multiple linear regression, and is always applied to establish high-performance 
models in case of a high linear correlation between variables [18]. This time, Leave-one-out cross-validation method was used for 
cross-validation and the NIPALS iterative algorithm was applied to further implement the PLSR modeling. 

SVMR is a classical nonlinear supervised learning modeling approach, and is an important branch that supports vector machine. It 
uses kernel functions to map low-dimensional data in a high-dimensional feature space, find linearly separable hyperplanes in the 
high-dimensional feature space, and map the hyperplanes in the high-dimensional space back to the low-dimensional space to explain 
nonlinear relationships [19]. This time, 5-fold cross-validation method was adopted for model validation, and selected Radial Basis 
Function (RBF) as the kernel function to find the optimal combination of penalty factor C and kernel parameter gamma (γ) for 
modeling by using a grid-based search method [20]. 

2.7. Data set and model evaluation 

During storage, 72 samples (8 storage days * 9 sets per day) were randomly selected as modeling samples, and 24 samples (8 storage 
days * 3 sets per day) were used as test samples to classify the freshness of fresh-cut papaya by applying physicochemical quality data, 
E-tongue, and E-nose sensor data, and to develop a regression prediction model for the freshness of fresh-cut papaya. 

Leave-one-out validation (PLSR) and 5-fold cross-validation method (SVMR) of cross-validation methods were applied to validate 
the built model. The model evaluation parameters for the quantitative prediction were the model coefficient of determination (Rc

2), 
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root mean square error of calibration (RMSEC), prediction coefficient of determination (Rp
2), root mean square error of prediction 

(RMSEP), and residual prediction deviation (RPD) [21]. The specific calculation equations (Eq. 4, 5, 6) are as follows: 

R2
c ,R

2
p = 1 −

∑n

i=1
(yi − ŷ)2

∑n

i=1
(yi − ym)

2
(4)  

RMSEC,RMSEP=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

∑n

i=1
(yi − ŷ)2

√

(5)  

RPD=
SD

RMSEP
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

n− 1

∑n

i=1
(yi − ym)

2
√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

∑n

i=1
(yi − ŷ)2

√ (6)  

Where n is the number of samples in the calibration or the prediction; yi and ŷ represent the actual and predicted values of the i-th 
sample; ym is the mean value of the actual values in the calibration or the prediction; SD is the standard deviation of the physico-
chemical indexes in the prediction. 

2.8. Statistical analysis 

Physicochemical indices are expressed as the mean ± standard deviation obtained in the nine experiments. One-way analysis of 
variance (ANOVA) was performed using SPSS 25 (SPSS Inc., Chicago, IL, USA). Duncan’s multiple range test was conducted to 
determine the significance of the data at a significance level of p < 0.05. HCA and PCA were performed using Origin 2021 (Origin Lab, 
Northampton, MA, USA), and PLSR prediction models were constructed using Unscrambler X 10.4 (CAMO AS, Trondheim, Norway). 

Fig. 1. Evolution of fresh-cut papaya during eight days of storage.  

Table 1 
Changes in the physicochemical quality of fresh-cut papaya during storage.  

Storage time (d) Flesh firmness (N) Weight loss (%) TAC (%) SS (%) 

0 0.74 ± 0.07a 0.00 ± 0.00g 0.13 ± 0.00a 2.29 ± 0.03h 

1 0.57 ± 0.05b 0.01 ± 0.00g 0.12 ± 0.00b 2.38 ± 0.02g 

2 0.42 ± 0.03c 0.06 ± 0.01f 0.10 ± 0.00c 2.50 ± 0.01f 

3 0.35 ± 0.03d 0.12 ± 0.01e 0.10 ± 0.00c 2.77 ± 0.01e 

4 0.30 ± 0.02e 0.16 ± 0.01d 0.09 ± 0.01d 3.10 ± 0.04d 

5 0.23 ± 0.02f 0.25 ± 0.02c 0.08 ± 0.00d 3.27 ± 0.01c 

6 0.20 ± 0.02f 0.36 ± 0.04b 0.08 ± 0.01d 3.41 ± 0.01b 

7 0.13 ± 0.02g 0.43 ± 0.02a 0.07 ± 0.01e 3.83 ± 0.01a 

Different letters in the same column indicate significant differences (p < 0.05). 
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3. Results and discussion 

3.1. Physicochemical quality analysis of fresh-cut papaya 

3.1.1. Firmness and weight loss 
The evolution of fresh-cut papaya during 8 days of storage was shown in Fig. 1, and the specific variations in firmness, weight loss, 

TAC, SS, aerobic plate counts, and color difference (ΔE) were depicted in Table 1. Moisture loss is the primary reason for the change in 
firmness in the fruit [22], Table 1 showsed that the firmness of fresh-cut papaya decreased with increase in storage time, from 0.74 ±
0.07 N to 0.13 ± 0.02 N; the result aligned with the finding of Sekarina’s study [23]. For fresh-cut products, absence of peel protection 
and a larger surface area exposure result in greater weight loss. Weight loss usually happens owing to water loss or juice leakage, and 
significant variations during storage are attributed mainly to respiration and transpiration of freshly-cut papaya [24]. 

3.1.2. TAC and SS 
TAC and SS are important factors affecting the sensory characteristics of fruit. The TAC content demonstrated a decreasing trend 

during storage; SS content demonstrated a significant increase. This can be attributed to the degradation of polysaccharides and 
conversion of organic acids, leading to an increase in sweetness, and decrease in acidity [6]. 

3.1.3. Color difference 
The colorimeter provides a numerical representation of the color that is difficult to distinguish with the naked eye in response to the 

magnitude of the color difference. As shown in Fig. 2, the L* (Fig. 2A), a* (Fig. 2B), and b* (Fig. 2C) values of fresh-cut papaya 
decreased continuously during storage, indicating the fresh-cut papaya flesh color gradually darkened, the redness value gradually 

Fig. 2. Changes in L* (A), a* (B), b* (C), and ΔE (D) of fresh-cut papaya during storage. Different letters indicate significant differences (p < 0.05).  
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Fig. 3. HCA analysis of fresh-cut papaya (A) and photographs (B) of physicochemical indicators during storage.  

Fig. 4. Changes in E-tongue (A), and E-nose (B)response values of fresh-cut papaya during storage. PCA plot of E-tongue (C) and E-nose (D) of fresh- 
cut papaya during storage. 
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decreased, and the yellow color kept fading. These changes illustrate the gradual loss of freshness of fresh-cut papaya. The ΔE value 
(Fig. 2D) of fresh-cut papaya increased significantly daily, reaching 22.96 ± 0.77 by the end of the storage period. It was reported by 
Wei [25] that ΔE > 2 was a significant color difference, which indicated that the color of fresh-cut papaya was easily distinguished by 
the color change visible to the naked eye every day during storage. 

3.1.4. Aerobic plate counts and sensory scores 
In a previous study [26], we analyzed the aerobic plate counts and sensory scores of fresh-cut papaya during storage. A preliminary 

determination of freshness of fresh-cut papaya was performed on day 3 of storage using a combination of the two. 

3.2. Classification of fresh-cut papaya freshness on the basis of physicochemical quality 

The physicochemical quality indicators of fresh-cut papaya mentioned above were analyzed as parameters for HCA by applying the 
clustering method of the longest distance and Euclidean distance measures, and the results were illustrated in Fig. 3A. HCA is rep-
resented as a dendrogram, where the distance between the observations indicates the similarity between different observations [27]. 
The dendrogram revealed that the storage period of fresh-cut papaya was divided into four major categories depending on the length of 
storage: 0 and 1 days as the first category, 2 and 3 days as the second category; 4, 5, and 6 days as the third category, and 7 day as the 
fourth category. Of the 72 samples used in the experiment, all 72 were correctly classified; the HCA was 100.0 % correct. By combining 
the acceptable limits of the total aerobic plate counts and sensory score limits for fresh-cut papaya, we classified the freshness of 
fresh-cut papaya into three levels (Fig. 3B). That is, category 1 freshness level (days 0 and 1), category (days 2 and 3), and category 3 
spoilage level (days 4, 5, 6, and 7). 

3.3. Flavor analysis of fresh-cut papaya 

3.3.1. Electronic tongue analysis 
The E-tongue simulates the human oral taste organ using a taste-intelligent bionic system to detect the taste of a sample. The taste 

variation of fresh-cut papaya at 4 ◦C in the storage period was shown in Fig. 4A. The radar plot can indirectly reflect the variability of 
the taste of fresh-cut papaya during storage, where the response value of the CT0 sensor was around − 10 below 6, and almost constant 
during storage, indicating that fresh-cut papaya was tasteless in terms of salinity [28]. The GL1 sensor showed the greatest variability, 
indicating that the sweetness of fresh-cut papaya changed significantly during storage, followed by AAE, C00, CA0, and AE1. At the 
early storage stage of fresh-cut papaya, the sweetness showed an upward trend, and the bitterness displayed a downward trend; at the 
late storage stage, a significant increase in bitterness was observed, and the sweetness decreased, which may be attributed to the 
reduction of internal active substances and the oxidative accumulation of phenolic substances in papaya [6]. Umami and richness were 
aligned with the trend of sweetness, whereas astringency, aftertaste-A, aftertaste-B, and bitterness showed the same trend. The 
sourness of fresh-cut papaya showed an increasing trend throughout the storage process, which was consistent with the results of [28], 
and may be attributed to the accumulation of organic acids. To conclude, the E-tongue sensor response values of fresh-cut papaya 
changed significantly with storage time, indicating that the taste of fresh-cut papaya changed regularly during storage. 

3.3.2. Electronic nose analysis 
The response values of the E-nose sensors depended on the chemical composition of the volatiles [29]. Fresh-cut papaya has a 

strong aroma, to which the E-nose sensor responds significantly, as depicted in Fig. 4B; the W1W, W2W, W5S, W1S and W2S sensors 
were mainly sensitive to response by fresh-cut papaya. With an increase in storage time, the response values of all five sensors showed a 
gradual increase, among which the W1W sensor showed maximum change, indicating that the inorganic sulfide content of fresh-cut 
papaya changed significantly during storage, followed by W2W for organic sulfide and aromatic components, whereas the rest did not 
increase significantly. The response values of the WIC, W3C, W6S, W5C, and W3S sensors were approximately 1 throughout the test 
with no significant changes. To conclude, the response values of the E-nose sensors of fresh-cut papaya increased with an increase in 
storage time, and the response values were close to each other on storage days 0 and 1; the response values increased significantly on 
storage day 2; the changes were stable at storage days 3 and 4; the response values increased significantly on storage day 5; and the 
changes were stable at storage days 6 and 7, which indicated that the changes in the aroma of fresh-cut papaya during storage had 
obvious regularity. 

3.4. Classification of fresh-cut papaya freshness based on flavor analysis 

3.4.1. Classification of fresh-cut papaya freshness using electronic tongue 
The E-tongue response values for fresh-cut papaya at different storage periods were analyzed using PCA to determine the difference 

in taste. PCA is an efficacious dimensionality reduction method that retains the majority of information from raw data and assigns each 
observation to a specific group [16]. Fig. 4 showed the two-dimensional PCA plots indicating incomplete separation between the 
different storage stages of fresh-cut papaya. Different colored circles represented samples at different storage stages. As shown in 
Fig. 4C, the plot of principal component (PC) scores, the first two PCs, described the eight different categories of samples well, with PC1 
and PC2 explaining 49.2 % and 30.8 % of the variance, respectively, and accounting for 80.0 % of the total variance. However, there 
were certain overlapping areas in this plot, where the data were clustered together: days 0 and 1; days 2, and 3; days 4, 5, 6, and 7. 
Based on the acceptable limit of the aerobic plate counts of fresh-cut fruit, the PCA plot enabled explicit distinction of the following 
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three categories of fresh-cut papaya storage periods: category 1 freshness level (days 0 and 1); category 2 acceptable level (days 2, and 
3); and, category 3 spoilage level (days 4, 5, 6, and 7), which was consistent with the above trend of freshness classification based on 
the physicochemical quality indicators of fresh-cut papaya. 

3.4.2. Classification of fresh-cut papaya freshness based on E-nose 
The PCA results of E-nose showed two PC that explained 89.1 % of the total variance during storage of fresh-cut papaya at 4 ◦C, with 

68.8 % for PC1 and 20.3 % for PC2. From Fig. 4D, it can be seen that the response values of samples on day 0 and day 1 were close to 
each other and were significantly distinct on days 2, 3, 4, 5, 6, and 7, as revealed by PC1; while samples on days 5, 6 and 7 were 
significantly distinct as revealed by PC2. This indicated that the volatile compounds in fresh-cut papaya changed significantly during 
the different storage periods. Fresh-cut papaya samples stored for different durations occupied relatively independent spaces in the 
principal component space (Fig. 3D), indicating that fresh-cut papaya samples stored for different durations could be clearly distin-
guished. The storage periods of fresh-cut papaya can be roughly divided into five groups: days 0 and 1; days 2, 3 and 4; days 5, 6 and 7. 
As per the analysis of aerobic plate counts, the freshness levels of the five groups of fresh-cut papaya corresponded to fresh, sub-fresh, 
acceptable, primary spoilage, and spoilage levels. 

3.5. Freshness prediction model construction 

3.5.1. Correlation analysis 
The flesh texture, color, TAC, SS, aerobic plate counts, sensory scores, and flavor of fresh-cut papaya changed significantly during 

storage. Correlation analysis was performed to evaluate their effects on the shelf life of fresh-cut papaya. As shown in Fig. 5, the storage 
time of fresh-cut papaya showed a highly significant negative correlation with flesh firmness, TAC, sensory scores, and a highly 
significant positive correlation with SS, weight loss, aerobic plate counts, and ΔE. It was revealed that they were all closely related to 
the storage time of fresh-cut papaya, and a reasonable identification of the freshness of fresh-cut papaya can be achieved using their 
prediction. As the total aerobic plate counts is the quality indicator with clear limit values and an important parameter in determining 
food safety, the total aerobic plate counts of fresh-cut papaya was selected as a predictor for the freshness model. 

Among the response values of the E-tongue, sourness, umami, bitterness, and sweetness were positively related to storage time and 
aerobic plate counts of fresh-cut papaya, whereas richness and aftertaste-A was negatively related to them. The response values of the 
10 E-nose sensors had good correlation coefficients with respect to storage time and aerobic plate counts of fresh-cut papaya; W1C, 
W5C, W3S, and W3C correlated negatively with the storage time and aerobic plate counts of fresh-cut papaya, and W2S, W1S, W6S, 
W1W, W5S, and W2W were positively correlated. The correlation results indicated that the taste and aroma of fresh-cut papaya 
changed as storage time increased, with a stronger correlation with the aerobic plate counts. Therefore, the freshness prediction model 

Fig. 5. Correlation analysis of physicochemical quality of fresh-cut papaya, e-tongue, and e-nose responses (p < 0.05). The sizes of the circles in the 
figure are proportional to the correlation; the larger the area, the higher the correlation. The color of the circles indicates a positive or negative 
correlation, with red depicting a positive and blue depicting a negative correlation. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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based on flavor and aerobic plate counts was reasonable. 

3.5.2. Freshness prediction model 
PLSR and SVMR models were used to predict the aerobic plate counts of fresh-cut papaya, and the prediction performances of 

different models were compared to test the feasibility of model construction [14]. The larger the models Rc
2 and Rp

2, the less RMSEC and 
RMSEP, the higher was the model accuracy and predictive power [30]. Furthermore, RPD >3.0 indicates an excellent prediction 
accuracy of the model [31]. 

The PLSR model was applied to the E-tongue and E-nose datasets, with modeling results listed in Table 2. Of the two datasets, the 
model based on E-tongue dataset possessed higher Rc

2, Rp
2, and lower RMSEC and RMSEP, illustrating the PLSR model was more suitable 

for prediction of E-tongue dataset. However, both RPDs were greater than 3.0 with little gap, indicating the PLSR model exhibited good 
prediction accuracy in both E-tongue and E-nose datasets. 

Table 2 
Aerobic plate counts prediction results based on fresh-cut papaya E-tongue dataset and E-nose dataset.  

Dataset Model Calibration Validation RPD 

Rc
2 RMSEC Rp

2 RMSEP 

E-tongue PLSR 0.9655 0.2634 0.9682 0.2554 5.72 
SVMR 0.9919 0.1300 0.9887 0.1523 9.60 

E-nose PLSR 0.9617 0.2777 0.9746 0.2284 6.40 
SVMR 0.9867 0.1639 0.9912 0.1343 10.89  

Fig. 6. Actual and predicted values of PLSR (A, C) and SVMR (B, D) models for aerobic plate counts of fresh-cut papaya during storage based on E- 
tongue (A, B) and E-nose (C, D) dataset. 
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Meanwhile, SVMR model was applied to E-tongue and E-nose datasets. The RBF was chosen as the kernel function, and optimal 
result of C and γ were found by using grid search method. log10C and log10(γ) were in the range of [− 2, 2], and the optimal parameters 
were selected by using the 5-fold cross-validation method [20]. The optimal parameter pairs (C, γ) for the E-tongue and E-nose datasets 
were obtained after cross-validation as (4.462,0.215) and (35.938,0.074), respectively. The data in Table 2 show that the SVMR model 
has good prediction accuracy in both the e-tongue and e-nose datasets. The SVMR prediction performance is optimal when comparing 
the two models. The final optimal parameter pairs (C, γ) of (4.462,0.074) and (100,0.074) were obtained for the E-tongue and E-nose 
datasets, respectively. Table 2 data revealed the SVMR model provided good prediction accuracy in both the e-tongue and e-nose 
datasets. 

Fig. 6 visualized the predicted and actual aerobic plate counts of fresh-cut papaya during storage. Comparing the two models, 
SVMR model (Fig. 6B and D) surpassed PLSR model (Fig. 6A and C) in predicting the total aerobic plate counts of fresh-cut papaya 
during storage. Hence, the SVMR model can well predict the total aerobic plate counts of fresh-cut papaya during storage, thereby 
evaluating its freshness, and ensuring consumer safety. 

4. Conclusions 

The freshness of fresh-cut papaya correlated highly with the physicochemical quality indicators and changes in flavor quality 
during storage. HCA was used to synthesize several single quality indicators related to freshness to make a holistic judgment of 
freshness, with an accuracy of 100.0 %. PCA was performed to determine the freshness of fresh-cut papaya at different storage periods, 
and the results of freshness classification were consistent with those based on physicochemical quality indicators. Correlation analysis 
showed a significant correlation between the E-tongue and E-nose sensor response values and aerobic plate counts, with clear edible 
limits for aerobic plate counts, making their prediction a reasonable response to the freshness of fresh-cut papaya. By comparing the 
RPD of the two models, the PLSR model was only suitable for predicting freshness based on the E-tongue dataset, whereas the SVMR 
model presented high prediction accuracy for both the E-tongue and E-nose datasets. These results demonstrated that SVMR model can 
be effectively applied for prediction of freshness of fresh-cut papaya. However, the application of freshness prediction for different 
packaging methods, storage conditions, and fruit requires further investigation. 
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