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Abstract: Currently, the evaluation of fruit ripening progress in relation to physicochemical and
texture-quality parameters has become an increasingly important issue, particularly when considering
consumer acceptance. Therefore, the purpose of the present study was the application of rapid,
nondestructive, and conventional methods to assess the quality of banana peels and flesh in terms
of ripening and during storage in controlled temperatures and humidity. For this purpose, we
implemented various analytical techniques, such as attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectroscopy for texture, colorimetrics, and physicochemical features, along with
image-analysis methods and discriminant as well as statistical analysis. Image-analysis outcomes
showed that storage provoked significant degradation of banana peels based on the increased image-
texture dissimilarity and the loss of the structural order of the texture. In addition, the computed
features were sufficient to discriminate four ripening stages with high accuracy. Moreover, the results
revealed that storage led to significant changes in the color parameters and dramatic decreases in the
texture attributes of banana flesh. The combination of image and chemical analyses pinpointed that
storage caused water migration to the flesh and significant starch decomposition, which was then
converted into soluble sugars. The redness and yellowness of the peel; the flesh moisture content;
the texture attributes; Brix; and the storage time were all strongly interrelated. The combination of
these techniques, coupled with statistical tools, to monitor the physicochemical and organoleptic
quality of bananas during storage could be further applied for assessing the quality of other fruits
and vegetables under similar conditions.

Keywords: banana fruits; ripening progress; image analysis; quality properties; Fourier transform
infrared spectroscopy; statistical analysis

1. Introduction

The banana, a tropical fruit of the family Musaceae, belongs to the genus Musa, which is
subdivided into Rhodochlamys, Eumusa, Callimusa, and Australimusa sub-families, based on
the number of chromosomes [1]. More widespread is the Eumusa species and, specifically,
the edible varieties Musa acuminate and Musa balbisiana [2]. Edible bananas are hybrid
products of two wild diploid species, Musa balbisiana Colla and Musa acuminate Colla [2].

The duration of banana cultivation depends on its variety and the climatic conditions
when the fruit is harvested at 8–13 months, having a mature green-colored peel [1]. The
banana is considered a source rich in minerals, carbohydrates, dietary fibers, vitamins,
and phenolic compounds, though its composition is based on the variety, growth stage
and maturity [3]. In the first stages of the banana ripening progress, many of the typical
biochemical, physicochemical, and organoleptic changes are, in general, positively charac-
terized and accepted by consumers. As maturation proceeds and, in particular, when dark
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spots progressively appear on banana peel due to the enzymatic activity of the polyphenol
and catechol oxidases, bananas gradually cease to meet the requirements for consumer
acceptance and retail sale [4]. Therefore, the development and implementation of integrated
tools and workflows for monitoring the progress of the banana ripening and reaching a
desirable quality in terms of its organoleptic and physicochemical characteristics, especially
by evaluating the fruit defects via non-destructive methods, is of utmost importance for
marketability.

Therefore, several studies [5–16] have been published regarding the assessment of the
banana ripening progress that implemented various analytical methods and techniques,
such as non-destructive and cost-efficient image-processing techniques (i.e., camera-based
approaches) for peel color differentiation, electrical properties measurements, spectro-
scopic methods, scanning electron microscopy, texture analysis of peel and flesh, peel
color measurement, starch-and-sugar content evaluation, and vitamins, organic acids, and
chlorophyll determination. However, the application of a single or even a few of these
methods and techniques has only provided information regarding specific characteristics
of the fruit. For example, spectroscopic methods have yielded results for the bioactive
content of the bananas while texture analysis has focused on the organoleptic attributes of
the fruit, without examining its chemical composition. Furthermore, by simultaneously
evaluating the various complementary results of several methods, including image analysis,
physicochemical methods, and powerful statistical tools, such as discriminant analysis,
could provide useful insights into the ripening progress of bananas.

Therefore, the current research focused on the organoleptic and physicochemical prop-
erties of the bananas by evaluating the effect of storage time and conditions on banana
shelf life. The main objective of this study was the assessment of the ripening progress of
Cavendish bananas during storage, through the combined implementation of physicochem-
ical, spectroscopic, and image-analysis methods, as well as the application of statistical tools.
Specifically, water activity, moisture content, total soluble solids content, color parameters,
texture attributes, and titratable acidity (%) were measured. Moreover, attenuated total
reflection-Fourier transform infrared (ATR-FTIR) spectroscopy and image-analysis were
also applied, and the comprehensive results from all methods were then comparatively
studied in terms of ripening in controlled temperature and humidity during storage. In
addition, this study focused on evaluating the implementation of a combined platform
that could be transformed into an important tool for monitoring the physicochemical and
organoleptic quality of vegetables and fruits during storage and classifying them accord-
ing to their ripening stages, based on both the plant byproducts (peel) and the edible
parts (flesh).

2. Materials and Methods
2.1. Banana Samples

The banana samples, belonging to the Cavendish variety (Musa acuminate) and trans-
ported from Ecuador, were provided by the Pefanis Company (https://www.pefanis.com.
gr/en/ (accessed on 7 March 2023)), located in Athens, Greece. Green bananas were placed
in a ripening room with a controlled atmosphere, which was in the facilities of the company,
to activate their maturation artificially from day 0. The next day (day 1), 12 hands of the
bananas, with seven or eight fingers per hand, no visual defects, and at the green stage of
ripening, were randomly selected, stored in the ripening room, and then transported to
the laboratory. All the experiments for the evaluation of the banana ripening stages were
conducted by placing the banana samples in a controlled temperature oven at 18.0 ± 0.5 ◦C
and 60 ± 2% relative humidity. All the analyses were performed over a total period of
twenty-one (21) days to investigate fruit ripening at 2, 4, 7, 9, 11, 14, 17, and 21 days of
ripening. For this purpose, the banana samples were selected randomly from the hands, in
eight biological replicates, for all the measurements.

https://www.pefanis.com.gr/en/
https://www.pefanis.com.gr/en/


Appl. Sci. 2023, 13, 3533 3 of 21

2.2. Physicochemical Measurements during Banana Ripening

An aw-meter, acquired from AquaLab Dew Point Water Activity Meter 4TE, METER-
Group, Inc., Pullman, WA, USA, was used to measure water activity of the banana-flesh
samples [17].

The moisture contents of the banana-flesh samples were measured using an electronic
moisture analyser (Kern MLS 50-3, KERN & SOHN GmbH, Balingen, Germany). Each
banana-flesh sample (0.2–0.4 g) was placed on a sample pan. An internal halogen dryer
heated the samples, which resulted in moisture vaporization. During the drying process,
the instrument continuously determined the sample mass and displayed the moisture loss.
The percentages of the moisture contents were calculated based on the weight differences
before and after drying. The maximum temperature was maintained at 120 ◦C for all
measurements [17].

The measurements of total soluble solids (TSS) were conducted with a hand-held
refractometer (Kern Optics Analogue Brix Refractometer, ORA 80BB, KERN & SOHN
GmbH, Balingen, Germany). The samples of the banana flesh were homogenized in a
blender and the produced pureed samples were placed on the prism of a refractometer.
The TSS were obtained as ◦Brix, as provided by a direct reading of the refractometer [17].

The color values L* (lightnessh* (hue angle in degrees), a* (redness/greenness) and b*
(yellowness/blueness) were determined by using a tristimulus chromatometer (model CR-400,
Minolta, Tokyo, Japan), which had been calibrated according to Giannakourou et al., 2023.
Measurements were taken at the surfaces of the banana flesh slices [17].

The texture measurements of the banana-flesh samples were conducted using a texture
analyzer, the TA-XTplusC by Stable Micro Systems (Godalming, U.K.), as described by Gi-
annakourou et al., 2023. Adhesiveness, firmness, cohesiveness, springiness, and chewiness
were the evaluated texture characteristics [18].

The method defined by the AOAC was performed for the determination of titratable
acidity (%) [19], which was expressed as g of malic acid/100 g of the banana.

An iodine test was used to determine the presence of starch in the banana flesh during
ripening. The surfaces of the banana flesh slices, with 1.5 cm thickness, were immersed
in a starch–iodine (1% potassium iodide and 0.25% iodine) staining solution for 5 s [20].
A blue–black color resulted if starch amylose was present. The starch distribution in the
slices was then estimated by image analysis.

Each measurement was carried out for eight replicates.

2.3. Fourier Transform Infrared Spectroscopy with Attenuated Total Reflectance (ATR-FTIR)

The FTIR spectra of the banana-flesh samples were acquired at ambient temperature
using an attenuated total reflectance (ATR) spectrometer (Shimadzu, IRAffinity-1S FTIR
Spectrometer, Kyoto, Japan). Data extraction as well as data processing and analysis were
performed using LabSolutions IR software, according to Ioannou et al., 2022 [21].

2.4. Image Acquisition

The goal of this procedure was to assess differences in the banana textures during
ripening. For this purpose, the samples of (a) banana peels and (b) banana flesh after iodine
testing were photographed with a Sony DSCW800/B digital camera (Sony Europe Limited,
Edinburgh, UK), which was performed at 15 cm from the banana sample surface and
under appropriate lighting conditions. The images of the banana samples were obtained
at a lens aperture of f = 4.6 and a resolution of 1280 × 720 pixels, and they were saved
in JPEG format. In order to quantify the textural properties of the surfaces of the banana
samples, eighteen (18) textural features from each image were calculated. The colored and
grayscale versions of the images were used to compute the textural features and to estimate
the textural changes that occurred during banana ripening. Three (3) features, namely
L*, a* and b*, were calculated from the colored version of the images. Four (4) features,
namely mean value, standard deviation (std), skewness, and kurtosis were calculated
based on the histogram first-order statistics of the grayscale images. Six (6) features, namely
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contrast (con), dissimilarity (dis), energy, homogeneity, correlation, and angular second
moment (ASM), were produced based on the co-occurrence matrix second-order statistics
of the grayscale images. Five (5) features, including short-run emphasis (SRE), run-length
non-uniformity (RLN), long-run emphasis (LRE), gray-level non-uniformity (GLN), and
run percentage (RP) were produced from the run-length matrix second-order statistics of
the grayscale images [22].

2.5. Discriminant Analysis

A discriminant analysis was conducted to investigate the banana peel alteration over
21 days of ripening and assess the ripening days according to the banana-peel texture. First,
all bananas were photographed on the predetermined measurement days (ripening days
2, 4, 7, 9, 11, 14, 17, 21). Using a specially designed software, six grayscale rectangular
regions-of-interest (ROIs) from the photographed peel of each banana, three of each banana-
side, were selected. Second, from each ROI, 15 textural features were generated, the mean
feature values from the 6 banana ROIs were computed, and 15 feature values that had
been consistent across a 15-long feature-vector were selected to represent each banana.
Second, eight classes were formed, corresponding to eight measurement days, and each
class contained the feature-vectors of eight bananas photographed on each measurement
day. These classes were used in both the discriminant and statistical analyses.

For the discriminant analysis, machine-learning (ML) classifiers were employed. A
classifier is an algorithm that, when suitably designed, could assign the banana ROIs
to a predetermined class (or ripening day). Ten different ML-classifiers were tested on
our data. The classifiers were included in the Python programming language library
scikit-learn [https://scikit-learn.org/ (accessed on 7 March 2023)] and were the following:
classification and regression decision tree, k-nearest neighbor, linear discriminant analysis,
logistic regression, multi-layer perceptron, naïve Bayesian, nearest centroid, perceptron,
random forest, and support vector machines. The accuracy of a classifier in assigning the
banana ROIs to the correct ripening day was assessed by evaluating labelled ROIs in the
banana peel images. For this, an ML-system was constructed by choosing one classifier,
selecting a sub-set of the 15 features, and using a precision evaluation method (leave-one-
out, LOO). The ML-system’s design precision was tested by employing a different classifier
each time, normalizing the features to a zero mean and a unit standard deviation, and
using all possible feature combinations. As a result, the ML-system design that could
provide the highest precision was determined. For dimensionality reduction, each feature
combination was compacted into two principal component analysis (PCA) components,
PCA1 and PCA2, which were then input into the ML system. PCA-based two-dimensional
scatter plots with class-separating surfaces were produced for displaying the results of the
discriminant analysis [21].

2.6. Statistical Analysis

A non-parametric Mann–Whitney–Wilcoxon test for the two classes was implemented
for the statistical analysis of the results on different ripening days, and it was performed
using the Python scipy.stats library (https://docs.scipy.org/doc/scipy/tutorial/stats.html
(accessed on 7 March 2023)). The Python pandas library (https://pandas.pydata.org/
docs/reference/api/pandas.DataFrame.corr.html (accessed on 7 March 2023)) was applied
to compute the pairwise correlation matrix between the physicochemical parameters.
Moreover, the analysis of the FTIR results was performed at a significance level of 95%
(p < 0.05) using a one-way ANOVA and a post hoc analysis in SPSS (IBM SPSS Statistics,
version 29.0, Chicago, IL, USA) for Windows.

https://scikit-learn.org/
https://docs.scipy.org/doc/scipy/tutorial/stats.html
https://pandas.pydata.org/docs/reference/api/pandas.DataFrame.corr.html
https://pandas.pydata.org/docs/reference/api/pandas.DataFrame.corr.html
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3. Results and Discussion
3.1. Classification of the Banana According to Ripening Process of Peel and Flesh Using Textural
Image Analysis

Image analysis provided a non-invasive and rapid method for evaluating the quality
and ripeness of the bananas. The gradual differentiation in the peel appearance and color of
the banana samples during 21 days of storage, as captured by image analysis, is illustrated
in Figure 1.
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Figure 1. Representative images of the banana peel over a period of 21 days (i.e., days 2, 4, 7, 9, 11,
14, 17, 21) during fruit storage and ripening.

Machine-learning methods were employed on the computed features arising from the
colored images of the banana peel, as well as from the grayscale images of the banana peel
and of flesh after iodine testing, in order to examine variations in image texture during
fruit ripening.

Concerning the banana peel (Figure 2), statistically significant changes related to
ripening were noted in the following features: lightness (L*), parameter a* (green to red),
parameter b* (blue to yellow), mean, standard deviation, contrast, dissimilarity, energy,
homogeneity, ASM, SRE, LRE, and RLN.
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Figure 2. Variations of image analysis computed features (lightness L*, a* parameter, b* parameter,
mean, standard deviation, skewness, kurtosis, contrast, dissimilarity, energy, homogeneity, correla-
tion, angular second moment (ASM), short-run emphasis (SRE), long-run emphasis (LRE), gray-level
non-uniformity (GLN), run-length non-uniformity (RLN) and run percentage (RP)) of the banana
peel samples, according to storage intervals of 2, 4, 7, 9, 11, 14, 17, 21 days.

Regarding the colored images of the banana peel, significant changes were observed
in all extracted features. Specifically, during peel storage, the lightness and b* parame-
ters showed a significant (p < 0.05) decreases, whereas the a* parameter had a significant
(p < 0.05) increase (Figure 2, Table S1). Based on these results, it appeared that as ripening
progressed, the banana peels increased in redness, converted from yellow to dark blue,
and lost their luminosity. These findings were in accordance with the results of Mendoza
and Aguilera [23], who had also reported that these changes were due to the breakdown of
chlorophyll, leading to the development of brown spots.

Regarding the grayscale version of the images of the banana peels, the increases in the
standard deviation (the variation of the image gray levels from the mean value), contrast
(the amount of local intensity variations in the image), dissimilarity (the image-texture
variation), short-run emphasis (small structures of equal gray levels), and run-length non-
uniformity (the non-uniformity of the structures in the image) values (Figure 2) indicated
an uneven distribution among the gray levels of the image structures, potentially due to the
appearance of smaller dark areas and spots on the banana peel during the storage period,
resulting in an increase in gray-level inequality and the non-uniformity of the structures in
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the images. The gradual development of dark areas and spots on the banana peels during
ripening are shown in Figure 1. Interestingly, the box plot of the run-length non-uniformity
feature during the storage period tended to classify the banana peel samples according to
three degrees of increasing ripeness: the interval up to day 4, the interval between days 7
and 11, and the interval between days 14 and 21. The decrease in the mean (the mean value
of the intensities of all image pixels), energy (image gray-level homogeneity), homogeneity
(image gray-level homogeneity), angular second moment (homogeneity of the original
image), and long-run emphasis (large structures of equal gray level) values (Figure 2)
indicated an increase in image dissimilarity and the loss of the texture structural order that
was probably due to the appearance of darker spots and areas on the banana peel during
the storage period. Based on the above findings, Mendoza and Aguilera [23] reported that
the extracted features from the bananas’ images could be directly or indirectly related to
the ripening process. Furthermore, Santoyo-Mora et al. [24] reported that as the brown
spots had extended all over the banana peel, the peel homogeneity had decreased.

The scatter diagram (Figure 3) shows the discrimination among banana peel samples
on days 2, 7, 11, and 21, with a 96.0% overall discrimination accuracy, according to the
features of contrast, energy, short-run emphasis and run-length non-uniformity. The
banana peel samples on day 2 (blue circles) (first cluster) occupied the center left zone of
the scatter diagram, while the second cluster, which included banana peel samples from
day 7 (green squares), occupied the bottom left area of the scatter diagram. The third
cluster, which contained banana peel samples from day 11 (red triangles) formed a cluster
surrounding the upper right zone of the scatter diagram, and finally, the fourth cluster of
the banana peel samples from day 21 (pine green pentagons) formed a cluster surrounding
the bottom right zone of the scatter diagram. This four-feature combination was used in the
design of a high-performance machine-learning system, which could aptly classified 43 out
of the 48 banana peel samples from day 2 (of these, 1 and 4 samples were wrongly assigned
to days 7 and 11, respectively), 47 out of the 48 samples from day 7 (1 sample was wrongly
assigned to day 21), 46 out of the 48 samples from day 11 (2 samples were wrongly assigned
to day 2), and 48 out of the 48 samples from day 21 (all correctly classified). Interestingly,
a similar ripening pattern in bananas, activated by the phytohormone ethylene through
metabolite profiling, had been observed by Lohani et al. [25]. The latter studied banana
ripening for seven days and recorded two peaks in respiration rate (ripening index).
Specifically, the first peak was on the second day, followed by a downward trend until the
fifth day and a new rise and peak on the sixth day. The same results were also reported by
Pathak et al. [26].

After iodine testing, the banana-flesh slices switched progressively from a dark iodine
stain to a lighter one (Figure 4) from the center of the slices and outwards during the 21-day
storage period. Simultaneously, a significant increase in ripening was observed in the
feature mean, which expressed the mean value of the intensities of all the image pixels
(Table 1, Figure S1) derived from the grayscale images of the iodine-stained banana flesh.
Specifically, during the 21-day storage period, the intensity of the image pixels presented a
significant (p < 0.05) yet gradual increase, 17.8%, in the mean rate of change, which was
directly related to the destruction of the amylose–iodine complex.

This destruction was directly related to the flesh softening and sweetening during
ripening and was ascribed to the activity of the cell-wall enzymes, including the hydrolases
as well as to the starch-to-sugar metabolism [27].
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Figure 4. Colored images of the fruit ripening of the iodine-stained banana flesh during the 21-day
storage period (i.e., days 2, 4, 7, 9, 11, 14, 17, 21).

Table 1. Variations of the feature mean values of the intensities of all the grayscale image pixels of
the iodine-stained banana flesh, on days 2, 4, 7, 9, 11, 14, 17, 21 of storage.

Days Feature Mean Value 1

2 26.778 ± 6.226 a

4 41.498 ± 13.915 b

7 57.879 ± 14.781 c

9 79.789 ± 17.804 d

11 84.432 ± 20.755 d

14 107.475 ± 22.436 e

17 110.277 ± 18.991 e

21 130.263 ± 17.983 f

1 Results expressed as feature mean value ± standard deviation (n = 8). Different letters in the same column after
each value indicate statistically significant differences (p < 0.05), according to the Wilcoxon test.

3.2. Physicochemical Parameters of the Banana Flesh during Storage

The physicochemical parameters, including the water activity (aw), the moisture
content (%), the Brix, the color, the texture, and the titratable acidity (%) of the banana-flesh
samples were evaluated during the 21-day storage period, at 18.0 ± 0.5 ◦C. The changes in
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the water activity, moisture (%), Brix (TSS), and titratable acidity (%) values of the samples
on days 2, 4, 7, 9, 11, 14, 17, and 21 are shown in Figure 5.
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Figure 5. Water activity (aw), moisture content (%), Brix, and titratable acidity (%) of the banana-flesh
samples during storage at 18.0 ± 0.5 ◦C.

The water activity showed a statistically significant (p < 0.05) variation between days 7
and 17 of storage, whereas the moisture content (%) showed a progressive increase during
the 21-day storage period, which was especially significant at day 14 of the experiment.
The Brix (TSS) values exhibited a significant (p < 0.05) gradual increase until day 7 of
storage, without further change until day 21 (the final day of storage). This agreed with
Moreno et al. [28], who reported that commercial bananas of the Musa varieties had reached
a maximum TSS value at 9 days of storage, and this had then plateaued until the end
of the storage period (14 days). Furthermore, it was reported that the parallel increase
in the banana-flesh moisture and TSS values during ripening were the results of the
hydrolysis of the starch into soluble sugars and the moisture migration from the peel to the
flesh [12,16,29,30]. The titratable acidity (%), which has been associated with the content of
malic, oxalic, citric, and tartaric acids [2], presented significant (p < 0.05) variations during
storage, and we noted a maximum decrease at day 9 and a maximum increase at day 17.
Significant variations in the titratable acidity (%) during ripening had been reported in
many studies. Specifically, the malic acid had increased during ripening in [8,31], whereas
the oxalic acid had decreased in [32], causing an overall and significant increase in titratable
acidity [33].
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The color parameters of the banana-flesh samples at days 2, 4, 7, 9, 11, 14, 17, and
21 are shown in Figure 6. The L* parameter of the banana flesh displayed a significant
(p < 0.05) reduction after day 4, and then increased until the day 17, followed by a significant
decrease. The a* parameter showed a significant (p < 0.05) increase up to day 9, and
afterwards, decreased progressively until the final day of the storage period. The b*
parameter demonstrated only insignificant fluctuations during the 21-day storage. Initially,
the h parameter of the banana flesh presented a significant (p < 0.05) reduction at day 7,
then it stabilized until day 14, and finally, it increased at day 17. Although many studies
have referred to the changes in the color of the banana peel during ripening, there were
no competent reports on the corresponding changes in the banana flesh. Therefore, the
color changes of the banana flesh could be attributed to the moisture content increasing
and the oxygen penetration of the flesh during the storage period. Moreover, the redness
(a*) fluctuations of the banana flesh could be associated with the total carotenoid-content
differentiation during ripening [34].
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Figure 6. Lightness (L*), redness/greenness (a*), yellowness/blueness (b*), and hue angle (h) of the
banana-flesh samples during storage at 18.0 ± 0.5 ◦C.

The texture attributes, such as firmness, springiness, adhesiveness, cohesiveness, and
chewiness, of the banana flesh at days 2, 4, 7, 9, 11, 14, 17, and 21 are shown in Figure 7.
The firmness of the banana flesh presented a dramatic (p < 0.05) decrease at day 4, and then
it gradually (p < 0.05) decreased until day 21. These results were in accordance with other
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research that had also mentioned the contributions of starch hydrolysis, the enzymatic
disruption of the cell wall structure, and the water migration from the banana peel to
the pulp, to banana flesh softening [14,35]. Moreover, Ali et al. [36] pinpointed a 50%
firmness reduction in bananas, which occurred during 3 days of ripening. Springiness
(including the ratio of the distance of the height, during the second compression, to the
original compression distance), which was related to flesh elasticity, exhibited a slight
(p > 0.05) decrease. Adhesiveness, which was the force required to overcome the contact
between the surfaces of the product and the probe, showed a dramatic (p < 0.05) decrease
at day 7 and, afterwards, gradually (p < 0.05) decreased until day 21. Cohesiveness, which
corresponded to the ratio of the tensile strength measurements during the first and second
compressions of the area, showed a significant decrease at day 7, a fluctuation up to day
11, and afterwards, a stabilization until the final day of storage. Chewiness, which was
calculated as firmness × cohesiveness × springiness and expressed the energy required
to chew solid food, showed a significant (p < 0.05) decrease at day 7 of the experiment,
and then, it stabilized until the end of storage period. Interestingly, the variations of most
texture attributes among the daily banana samples were minimized as the storage time
increased. This agreed with previous reports in the literature, as other researchers had
found that the texture attributes of the banana flesh decreased dramatically as ripening
progressed [12,37]. Therefore, texture is an important parameter that changes during
banana ripening.

3.3. Pairwise Correlation Matrix of Pairs of Physicochemical Parameters of the Banana Flesh and
the Features L*, a*, b* of the Banana Peel, during Storage

To deepen our research, we created a pairwise correlation matrix (Figure 8) to showcase
the pairwise correlations of the physicochemical parameters of the banana flesh and the
features L*, a*, b* of the banana peel, during storage. The most substantial finding was
related to the correlations (p < 0.05) between the a* parameter of the banana peel and
the moisture content, the TSS (Brix), the firmness, and the adhesiveness of the banana
flesh (high positive 0.81, strong positive 0.72, high negative −0.89, and strong negative
−0.74, respectively), as well as in the a*—b* and a*—L* parameters of the banana peel
(high negative −1, and strong negative −0.77, respectively). The negative correlation of
the a* and b* parameter of the banana peel could have been a result of the degradation of
the chlorophyll with the parallel increase in the carotenoid and anthocyanin contents [38].
Variations in the content of the peel carotenoids, along with the appearance of dark spots
due to the activity of the polyphenol oxidases (PPOs) could have been related to the
negative correlation between the a* and L* parameters [39]. Therefore, the a* parameter
of the banana peel was negatively correlated with the b* parameter of the banana peel as
well as the firmness and adhesiveness of the banana flesh, and it was positively correlated
with the storage time, the moisture content, and the total soluble solids (Brix) of the banana
flesh. Based on the above results, the image analysis of the banana peel could be used as a
competent indicator for estimating the banana flesh quality. Regarding the physicochemical
parameters of the banana flesh, strong negative correlations were established between the
firmness and TSS (Brix) values (−0.77, p < 0.05), the firmness and the moisture content
(−0.74, p < 0.05), as the decrease in firmness was ascribed to the transfer of moisture
from the peel to the flesh during ripening, as well as the a* and h parameters (−0.76,
p < 0.05). Moreover, high and positive correlations (p < 0.05) were determined between
the springiness and the cohesiveness; the springiness and the chewiness; the chewiness
and the adhesiveness; and the chewiness and the cohesiveness (i.e., 0.84, 0.94, 0.83, and
0.82, respectively), whereas the firmness only correlated strongly with the adhesiveness
(0.77). The interrelations between the texture parameters, such as the chewiness and the
cohesiveness or the springiness and the chewiness, could be assigned to other parameters
associated with banana ripening, such as an increase in the sugars in ripe bananas.
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3.4. Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectra Interpretation

The bands of the ATR-FTIR spectra of the banana-flesh samples (Table 2, Figure S2)
were obtained at a spectral range of 3300–500 cm−1. All spectra presented absorption
bands typically associated with starch, carbohydrates, water, organic acids, and phenolics.
Specifically, the absorption band at 3640–3530 cm−1 was appointed to the O–H stretch-
ing vibration, which is characteristic of phenolic compounds [40], while the wide band
at 3300–3200 cm−1 was due to the stretching vibrations of the hydroxyl groups, which
are present in water, carbohydrates, organic acids, and phenols [41,42]. Moreover, the
two bands at 3400 and 3325 cm−1 were ascribed to the asymmetric (higher frequency)
and symmetric N–H stretching vibrations of the primary amines, respectively [40]. The
2932 cm−1 band was assigned to the symmetrical stretching vibrations of the C(sp3)–H
of the carboxylic acids, the free amino acids, and the carbohydrates [41,42], whereas the
band at 1738 cm−1 corresponded to the C–O stretching vibration of the carbohydrates and
the phenolics [43]. The band at 1647–1632 cm−1 was related to the bending vibrations of
the water, the carbohydrates, the organic acids, and the phenolic hydroxyl groups. Ac-
cording to Bello-Perez et al. [44], this was directly associated to the moisture content of
the banana sample. The band at 1465–1450 cm−1 was due to the scissoring vibrations of
the monosaccharides, including the methylene and methyl groups [45]. Moreover, the
band at 1420–1410 cm−1 was linked to the combination of the C–H rocking and O–H
bending vibrations [42,46] or with the in-plane bending vibrations of C–H in amylose and
amylopectin [45]. The band at 1366–1339 cm−1 was related to the O–H bending vibration
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of the C–OH group [42]; the band at 1261–1229 cm−1, to the C–O stretching vibration of
the carbohydrates and the phenolics [47]; and the band at 1153–1149 cm−1, to the C–O and
C–C stretching vibrations of the glycosidic linkage of the polysaccharides [48]. The band at
1105 cm−1 was ascribed to the C–O and C–C stretching vibrations of the polysaccharides
and the pectin [49], and the band at 1076 cm−1 was related to the stretching of the C–OH
bond of the starches [50]. The band at 1055–1045 cm−1 was due to the C–O bending and
C–OH stretching vibrations in the structure of the carbohydrates [51], which mainly corre-
sponded to the sucrose and fructose absorption [52]. Moreover, the band at 1000–995 cm−1

was related to the B-type crystalline structure of the starch, which was representative of the
high amylose starches contained in fruits [53–56]. The band at 928 cm−1 was ascribed to the
in-plane bending vibrations of C–OH and C–C in the glycosidic linkage of the amylose and
the amylopectin [45,57], and the band at 865–858 cm−1 was representative of the ordered
or crystalline structure of the starch [58]. The band at 770–735 cm−1 was assigned to the
C–H out-of-plane bending vibrations corresponding to the ortho-substituted aromatic
rings [43], whereas the band at 720 cm−1 was related to the O–H out-of-plane bending
vibrations of the amylose and the amylopectin [40,45]. Moreover, the 577 and 523 cm−1

bands corresponded to the C–O–C in-plane bending vibrations of the glycosidic linkage of
the amylose and the amylopectin [45].

The assessment of the ATR-FTIR spectra of the banana-flesh samples (Table 2) resulted
in the findings summarized below.

The intensities of 1153–1149 cm−1, 1000–995 cm−1, and 928 cm−1, which were associ-
ated with the polysaccharides of the starch granules (amylose and amylopectin), displayed
a dramatic (p < 0.05) decrease from day 7 until day 9, and then decreased (p < 0.05) pro-
gressively or fluctuated (p > 0.05), until the storage ended. Moreover, no absorption was
detected at 1076 cm−1 and 865–858 cm−1, which were associated with the presence of
starch after day 9 of storage. The intensities of 1055–1045 cm−1, which were related to the
presence of sucrose and fructose, presented a significant gradual (p < 0.05) increase from
day 7 until day 21. Obviously, during the banana ripening process, starch was gradually
decomposing, leading to the accumulation of soluble sugars, such as sucrose and fructose.
In accordance with these results, it has been reported that the starch content in banana flesh
showed a rapid decrease as ripening progressed, until becoming undetectable [2], which
has been associated with the starch decomposition through a complex mechanism [27,59].

The intensities at 1647–1632 cm−1, which were related to the moisture content, varied
insignificantly until day 11; then, at day 14, they presented a significant increase before
stabilizing until the final day of storage, in accordance with the moisture content (%) results
and the run-length non-uniformity (the non-uniformity of the structures in the image)
values. The starch conversion into sugars increased the osmotic pressure of the flesh and
favored the water transfer from the peel to the flesh [28].

The intensities at 2932 cm−1, which indicated the C(sp3)–H stretching vibrations,
exhibited a slight (p < 0.05) decrease at day 7, decreased drastically at day 9, and then
stabilized (p > 0.05) until the day 17 to a minimum value. Possible reasons for this drastic
decrease in the peak intensity could be related to the starch conversion into sugars and/or
the dramatic acidity reduction at day 9 of the ripening process (Figure 5).
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Table 2. The spectral absorbance bands (intensities) of the banana flesh at different days of storage.

Regions (cm−1) Day 2 Day 4 Day 7 Day 9 Day 11 Day 14 Day 17 Day 21

3640–3530 0.008 ± 0.001 a 1 0.005 ± 0.001 b 0.006 ± 0.001 ab 0.010 ± 0.002 c 0.017 ± 0.001 d 0.010 ± 0.001 c 0.014 ± 0.002 e 0.011 ± 0.001 c

3400 0.005 ± 0.001 a 0.005 ± 0.001 a 0.004 ± 0.001 a 0.004 ± 0.001 a 0.004 ± 0.000 a 0.009 ± 0.002 b 0.010 ± 0.001 b 0.009 ± 0.002 b

3325 0.004 ± 0.001 a 0.003 ± 0.001 a 0.004 ± 0.001 a 0.003 ± 0.000 a 0.004 ± 0.001 a 0.003 ± 0.000 a 0.003 ± 0.001 a 0.004 ± 0.001 a

3300–3200 0.005 ± 0.001 a 0.008 ± 0.001 b 0.010 ± 0.002 bc 0.011 ± 0.001 c 0.012 ± 0.001 c 0.011 ± 0.001 c 0.010 ± 0.001 bc 0.010 ± 0.001 bc

2932 0.049 ± 0.008 a 0.048 ± 0.006 a 0.032 ± 0.002 b 0.003 ± 0.001 c 0.004 ± 0.002 c 0.003 ± 0.001 c 0.002 ± 0.001 c -

1738 0.002 ± 0.000 a 0.003 ± 0.001 ab 0.003 ± 0.001 ab 0.003 ± 0.000 b 0.003 ± 0.001 ab 0.003 ± 0.001 ab 0.002 ± 0.000 a 0.003 ± 0.000 b

1647–1632 0.167 ± 0.010 a 0.165 ± 0.009 a 0.172 ± 0.009 a 0.180 ± 0.008 a 0.186 ± 0.015 ab 0.210 ± 0.015 b 0.211 ± 0.022 b 0.220 ± 0.017 b

1465–1450 0.006 ± 0.001 a 0.006 ± 0.001 a 0.007 ± 0.001 a 0.006 ± 0.001 a 0.006 ± 0.001 a 0.007 ± 0.001 a 0.007 ± 0.001 a 0.007 ± 0.001 a

1420–1410 0.003 ± 0.000 a 0.005 ± 0.001 b 0.005 ± 0.001 b 0.002 ± 0.000 c 0.002 ± 0.000 c 0.002 ± 0.000 c 0.002 ± 0.000 c 0.002 ± 0.000 c

1366–1339 0.012 ± 0.004 ab 0.016 ± 0.001 a 0.011 ± 0.002 b 0.003 ± 0.001 c 0.003 ± 0.001 c 0.002 ± 0.000 c 0.002 ± 0.000 c 0.003 ± 0.001 c

1261–1229 0.007 ± 0.001 a 0.006 ± 0.001 a 0.006 ± 0.002 a 0.006 ± 0.002 a 0.009 ± 0.002 a 0.009 ± 0.003 a 0.009 ± 0.003 a 0.010 ± 0.003 a

1153–1149 0.062 ± 0.007 a 0.064 ± 0.005 a 0.039 ± 0.004 b 0.014 ± 0.001 c 0.016 ± 0.003 c 0.016 ± 0.004 c 0.014 ± 0.002 c 0.014 ± 0.002 c

1105 0.015 ± 0.002 abc 0.015 ± 0.002 abc 0.018 ± 0.003 a 0.013 ± 0.001 bc 0.016 ± 0.003 ab 0.014 ± 0.003 abc 0.012 ± 0.001 c 0.013 ± 0.002 ab

1076 0.055 ± 0.007 a 0.056 ± 0.005 a 0.035 ± 0.005 b - - - - -

1055–1045 0.016 ± 0.002 a 0.016 ± 0.002 a 0.021 ± 0.003 b 0.036 ± 0.008 c 0.040 ± 0.006 cd 0.045 ± 0.004 cd 0.045 ± 0.003 d 0.056 ± 0.006 e

1000–995 0.186 ± 0.024 a 0.183 ± 0.014 a 0.107 ± 0.012 b 0.019 ± 0.002 c 0.014 ± 0.002 d 0.010 ± 0.001 e 0.004 ± 0.000 f 0.002 ± 0.000 g

928 0.023 ± 0.003 a 0.024 ± 0.002 a 0.018 ± 0.003 b 0.009 ± 0.001 c 0.007 ± 0.001 cd 0.006 ± 0.001 d 0.002 ± 0.000 e -

865–858 0.007 ± 0.002 a 0.007 ± 0.002 a 0.003 ± 0.000 b - - - - -

770–735 0.005 ± 0.001 a 0.006 ± 0.001 a 0.002 ± 0.000 b - - - - -

720 0.003 ± 0.001 a 0.003 ± 0.001 a 0.002 ± 0.000 a - - - - -

577 0.016 ± 0.002 a 0.016 ± 0.004 ab 0.011 ± 0.002 b 0.004 ± 0.001 c - - - -

523 0.006 ± 0.001 a 0.006 ± 0.001 a 0.005 ± 0.001 ab 0.004 ± 0.001 b 0.005 ± 0.001 ab 0.004 ± 0.001 b 0.004 ± 0.001 b 0.002 ± 0.000 c

1 Mean values of peak intensities; a–g: Different letters in the same row show statistically significant differences (p < 0.05).
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4. Conclusions

In the present study, attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy, texture, colorimetric, physicochemical, and digital-image analysis methods
were synergistically applied to pinpoint the effect of ripening on the chemical and physical
characteristics of banana peels and flesh during storage in controlled temperatures. The
most interesting findings are summarized below.

Concerning the banana peel, the ripening progress resulted in an increase in the
peel redness, a decrease in its luminosity, peel conversion from yellow to dark blue, an
increase in gray-level inequality, and the non-uniformity of image-texture structures. The
combination of the computed image-texture features of the banana peel enabled a highly
accurate classification of the banana samples according to 4 ripening stages (day 2, day 7,
day 11, and day 21) during the storage period.

Regarding the banana flesh, day 7 and day 11 were of particular interest because from
these days onwards, significant changes in the flesh composition were revealed, as reflected
by the physicochemical parameters and the FTIR spectral interpretation.

Therefore, the ripening progress resulted in a consistent increase in the moisture
content and the total soluble solids (Brix) until day 7 and a drastic decrease in all texture
attributes mainly from day 7 onwards. Furthermore, all the FTIR spectra intensities, which
were related to the presence of starch (i.e., amylose and amylopectin), displayed a dramatic
decrease, or disappeared completely, from day 7 onwards, whereas the intensities related
to the presence of sucrose and fructose showed a significant increase from day 7 onwards.
Moreover, the intensities related to the moisture content exhibited a significant increase
from day 11 onwards. In accordance with the FTIR findings, the iodine testing on the flesh
slices demonstrated an increase directly related to the breakdown of starch into sugar and
the consequential destruction of the amylose–iodine complex.

Based on the correlations between the peel image analysis and the flesh physicochemi-
cal parameters, the redness and yellowness of the banana peels were strongly correlated
with storage time, whereas the moisture content, the texture attributes, and the total soluble
solids (Brix) revealed that the alterations in the color parameters of the banana peels were
positively or negatively related to the variations in the composition and texture of the
banana flesh.

In conclusion, the monitoring of banana ripening using physicochemical parameters
is important for ensuring consistent quality. For this purpose, various techniques such as
image analysis, color analysis, texture analysis, and chemical analysis can be implemented.
Assessing the variations of the aforementioned parameters during banana ripening could
optimize the storage and transport of bananas. Moreover, the results of the current study
highlighted an essential complementary tool for evaluating banana-ripening progress, with
potential applications for other fruits and vegetables.

However, similar to other studies concerning the fruit-ripening process, there were
limitations and knowledge gaps that should be considered. For example, the evaluation of
the banana ripening process was strongly dependent on the type of device used for image
analysis (i.e., digital cameras vs. smartphones vs. electronic noses). In addition, more
bananas species (i.e., red bananas, etc.) should be included in future studies, and additional
statistical tools, such as machine- and deep-learning methods, should be evaluated for
classifying the ripening stages of bananas and other fruits.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app13063533/s1, Table S1: Image analysis of color parameters
(L*, a*, b*) of the banana peel samples, at storage days 2, 4, 7, 9, 11, 14, 17, and 21; Figure S1: Variations
in the feature mean values of the intensities of all grayscale image pixels representing the banana
flesh slices after iodine testing, at storage days 2, 4, 7, 9, 11, 14, 17, and 21; Figure S2: Overlay of
ATR-FTIR spectra acquired from 4000 to 499 cm−1 of the banana flesh at storage days 2, 4, 7, 9, 11, 14,
17, and 21.

https://www.mdpi.com/article/10.3390/app13063533/s1
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