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Tomato fruit is susceptible to chilling injury (CI) during its postharvest handling at low temperature. The
symptoms caused by this physiological disorder have been commonly evaluated by visual inspection at a macro-
observation scale on fruit surface; however, the structure at deeper scales is also affected by CI. This work aimed
to propose a descriptive model of the CI development in tomato tissue under the micro-scale, micro-nano-scale
and nano-scale approaches using fractal analysis. For that, quality and fractal parameters were determined. In
this sense, light microscopy, Environmental Scanning Electron Microscopy (ESEM) and Atomic Force Microscopy
(AFM) were applied to analyse micro-, micro-nano- and nano-scales, respectively. Results showed that the
morphology of tomato tissue at the micro-scale level was properly described by the multifractal behaviour. Also,
generalised fractal dimension (Dy—o) and texture fractal dimension (FD) of CI-damaged pericarp and cuticle were
higher (1.659, 1.601 and 1.746, respectively) in comparison to non-chilled samples (1.606, 1.578 and 1.644,
respectively); however, FD was unsuitable to detect morphological changes at the nano-scale. On the other hand,
lacunarity represented an appropriate fractal parameter to detect CI symptoms at the nano-scale due to differ-
ences observed between damaged and regular ripe tissue (0.044 and 0.025, respectively). The proposed multi-
scale approach could improve the understanding of CI as a complex disorder to the development of novel
techniques to avoid this postharvest issue at different observation scales.

1. Introduction variations in cell wall permeability, enzyme regulation, increase in

cytosolic free calcium concentration, and others (Ding et al., 2019; Jha

Tomato fruit (Solanum lycopersicum) is an important worldwide
commodity owing to its versatile culinary use, benefits to human health
and economic profits (Ali et al., 2020; Lares-Michel et al., 2018;
Sandoval-Ceballos et al., 2021). The merchandising of this product in-
cludes their harvest at a breaker ripening stage and subsequent storage
and transportation at refrigerated temperatures to control its ripening
process, however, tomatoes are susceptible to a physiological disorder
called chilling injury (CI) (Imahori et al., 2016). CI has been reported as
a result of structural damage and biochemical modifications in the
affected tissue, which have been related to metabolic changes producing

et al., 2019; Song et al., 2022). Consequently, CI represents a severe
issue which causes alterations in fruit quality such as darkening, soft-
ening, pitting, water loss, abnormal ripening, and odour and flavour
changes (Carvajal et al., 2015; Erkan et al., 2005); hence, it causes major
economic losses. Several postharvest techniques have been employed to
minimise this problem such as intermittent heat treatment, controlled
atmospheres, chemical treatments and growth regulators (Ayon-Reyna
et al., 2017; Pristijono et al., 2018; Zhu et al., 2016).

CI symptoms in tomatoes can be identified by visual inspection;
however, structural damage may occur at deeper observation scales with
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no visible symptoms at the macro-scale level. Hence, it is important to
describe these structural changes triggered by CI to achieve more
effective treatments that might act at micro- and nano-scales. In this
sense, the description of CI at different observation levels has been
studied in bell peppers, finding that this physiological disorder induced
plasmolysis, collapsed cells and damaged organelles, which were
detected based on the visual inspection of Transmission Electron Mi-
croscopy (TEM) images (Ge et al., 2019). Also, Besada et al. (2015) re-
ported that microstructural changes [from Cryoscanning Electron
Microscopy (Cryo-SEM)] in persimmon fruits under CI conditions con-
sisted in the visual identification of increased intercellular spaces,
cellular stress revealed by cells filled with soluble material and loss of
cellular integrity. However, these evaluations were performed centred
in the subjective visual observation of microscopy images. In this sense,
it is necessary to develop standardised techniques to detect CI symp-
toms. For this, quantitative techniques such as the fractal approach have
been applied to describe morphometric changes occurring in several
food processes (Garcia-Armenta & Gutiérrez-Lopez, 2022). Fractals are a
special case of figures that possess self-similarity and are characterised
by their fractal dimension and a lacunarity parameter, which have been
commonly determined by digital image analysis (Cdez Ramirez et al.,
2017).

Therefore, the aim of this work was to propose a descriptive model of
the CI development in tomato tissues under the micro-scale, micro-nano-
scale and nano-scale approaches using fractal analysis.

2. Materials and methods
2.1. Plant material

Tomato fruit var. Saladette were acquired in a local market in
Culiacan, Sinaloa, Mexico. Fruit were in a breaker ripening stage [ac-
cording to the United States Department of Agriculture (USDA)] and
were uniformly selected in size and colour with the absence of me-
chanical damage and fungal lesions.

2.2. CI induction

The experimental strategy involved the tomato storage based on a
two-factor design: storage days and temperature. Fruit were disinfected
by immersion in a NaClO solution (300 mg/L) for 3 min and stored at
12 °C (safe temperature) and 4 °C (CI conditions) for 12 days in a cold
chamber, hermetically sealed without sunlight exposition. After that,
fruit were subjected to a ripening stage of 7 days at 21 °C.

2.3. Evaluation of CI index

CI index was determined using a hedonic scale according to meth-
odology reported by Vega-Garcia et al. (2010) with some modifications.
Visible symptoms were identified in tomato samples based on the
following criteria: IR: irregular ripeness, W: wilting, SP: superficial
pitting and DP: decay presence. A hedonic scale was used to explain the
damage level as 0 = absence of damage, 1 = <10%, 2 = 11 - 25%, 3 =
26 — 40% and 4 = >40%. Finally, the following equation was applied
(Vega-Garcia et al., 2010):

_IR+W+SP+DP

Cl = 7 (€D)]

where each symptom had an assigned value as abovementioned.
2.4. Quality parameters
Firmness was determined as the maximum compression force

(expressed in N) and performed by the penetration of tomato pericarp
sections using a Penetrometer (Chatillon, USA). Total soluble solids
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(TSS) were measured according to AOAC method 22.014 (AOAC, 2012)
using a hand refractometer (Fisher Scientific, Canada) and values were
reported as °Brix. For electrolyte leakage (EL), the technique described
by Lopez-Velazquez et al. (2020) was used.

2.5. Light microscopy

Portions of tomato tissues (1 cm3) were obtained from the pericarp
equatorial region at days 0, 12 and 12 + 7 (ripening stage) for each
temperature (12 and 4 °C), and were placed in FAA fixation for 48 — 72
h. Then, samples were dehydrated throughout six graded ethanol series
(50-100%) and later, they were transferred to an absolute ethanol-
xylene (1:1). In each solution, samples were immersed for 5 h in stir-
ring (Phothiset & Charoenrein, 2014). After that, samples were included
in paraffin blocks to proceed with the obtention of transverse sections of
10 um by a microtome (Leica, Germany). The samples were then rehy-
drated in a graded ethanol series (100 to 50%) and differential staining
was carried out by using safranin and fast green. Finally, tomato tissue
was observed under light microscopy (Zeiss, Germany) using the 10X
objective lens.

2.6. Environmental Scanning Electron microscopy (ESEM)

ESEM was performed on tomato fruit stored for 12 days (12 or 4 °C)
plus 7 days at 21 °C (12 + 7). The tomato pericarp (mesocarp) and
cuticle were cut in areas of 3.5 x 3.5 cm? with no previous preparation.
Then, trials were observed in an Environmental Scanning Electron Mi-
croscope (FEI Quanta, USA) at different magnifications (50 to 1000X),
distance work: 10 mm, and a voltage of 2 kV for the secondary electrons
detector (LED).

2.7. Atomic force microscopy (AFM)

Tomato cuticle presenting CI and regular ripeness (4 and 12 °C,
respectively) at 12 + 7 days were examined in an Atomic Force Micro-
scope (Bruker, USA). For the nanoindentation test, the methodology
proposed by Cardenas-Pérez et al. (2016) was applied. An DNP-10 AFM
probe (Bruker, USA) was used with the following features: triangular
geometry, nominal tip radius: 20 nm, nominal length: 205 pm, width:
40 pm, thickness: 0.6 pm, nominal frequency: 23 kHz. Also, the cali-
bration of the probe was performed as reported by the previous report
and the spring constant (k) was determined in fluid media, resulting in
an average k of 0.12 + 0.01 N/m.

After calibrations, a portion of the tomato was placed between two
glass slides (as a sandwich), exposing the cuticle in a gap to be nano-
indented (Cardenas-Pérez et al., 2016). Tests were carried out in
“PeakForce” tapping mode using the following conditions: scan size = 5
um, ramp rate = 1 Hz, force = 50 nN, velocity = 1.5 pm/s, and the area
section was 15 x 15 um?. A total of 64 points in a regular matrix were
analysed. The images were acquired by NanoScope Analysis v1.4
software.

2.8. Digital image analysis

Three scales (micro, micro-nano, and nano) were evaluated to
establish a multi-scale descriptive model for the development of CI in
tomato tissue. This assessment was based on the performance of digital
image analysis in the software ImageJ v.1.50d (National Institutes of
Health, USA), which procedure is schematised in Fig. 1.

The micro-scale approach was carried out using images from the
light microscopy technique. Briefly, a reconstruction of a larger image
(1787 x 2842 pixelsz) from individual images was done to have the
analysis of the complete tissue. Then, the image processing consisted of a
transformation from an RGB image (colour) to an 8-bit image (grey-
scale), followed by the threshold selection using an automatic default
algorithm to obtain a binary image. Finally, the multifractal behaviour
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Fig. 1. Scheme of the digital image analysis procedure performed for the multi-scale approach of the CI in tomato tissues.

and lacunarity (A) were evaluated with the plugin FracLac
2015Febb5810 for ImageJ software (Caez Ramirez et al., 2017).

For the micro-nano-scale approach, ESEM images from the pericarp
and the cuticle were processed as follows: the RGB image (size:
1536x1103 pixelsz) was cropped (size: 1536x1022 pixelsz), and then,
converted into an 8-bit image to proceed with an automatic adjust of
brightness and contrast. Finally, FD of texture and lacunarity (A) were
determined by the plugin FracLac 2015Febb5810. Regarding the nano-
scale approach, AFM images from the cuticle were analysed following
the same method applied to ESEM images.

2.9. Fractal analysis

The multifractal analysis performed for the micro-scale approach
was carried out according to the methodology described by Garcia-
Armenta et al. (2014). This method is based on the box-counting method
and a multifractal spectrum is obtained to explore different probabilistic
regions where a certain fractal dimension can describe the object
morphology (da Fonseca de Albuquerque et al., 2022). For q > 0, the
generalised fractal dimension (D,) represents the more singular regions
(high probability), and for q < 1, D, indicates less-singular regions. Also,
Dy has been defined as the Hausdorff dimension (Matos et al., 2023). In
this sense, D(q,rg) is the dimensions spectrum for a given data set
defined for the following equation (Garcia-Armenta & Gutiérrez-Lopez,
2022):

1 ,mlong’:l G

D(q,r) =——1i

2
q—1r0 logr, 2

where g values are the analysed regions; P; is the probability to find a
certain fractal dimension; r is the observation scale. In this study, Dg—o,
Dy—1, Dy—3, corresponding to generalised fractal dimensions for q values
of 0, 1 and 2, respectively, were determined. Dy represents the box-
counting fractal dimension with the highest probability to describe the
image; Dy, is the entropy dimension which relates the uniformity of all
fractal points; and D,—» indicates the correlation dimension between two
fractal points (Serrano et al., 2019).

Also, multifractal spectra [f(a) vs @] were obtained for the treat-
ments: 0, 12 and 12 + 7 days at both temperatures (12 and 4 °C). f(a) is
the value of the subset of fractal dimensions and « is the singularity of
the spectrum.

For the micro-nano- and nano-scale approaches FD and lacunarity
(A) were determined according to Valenzuela-Lagarda et al. (2018). FD
was computed using the following equation (Starodubtseva et al., 2017):

1 r
FD — lim 28V
r—=0

where N is the number of boxes of size r. Also, A was calculated as fol-
lows (Yasar & Akgiinlii, 2005):

)

ro

3

where ¢ is the mean and 7 is the standard deviation of pixels per box
at a certain size r and orientation, o.
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2.10. Statistical analysis

The Fisher test was performed for the comparison of means with a
significance level of 95% and was carried out using the Minitab v.17
software (Minitab Inc., USA). Also, Principal Component Analysis (PCA)
was applied to a standardised data set (firmness, TSS, EL, Dy, FD, A)
based on 20 tomato samples for each temperature (12 and 4 °C) in the
Origin 2019b software (OriginLab, USA).

3. Results and discussion
3.1. CI index

Values of the CI index in tomatoes stored for 12 days at 4 °Cand 12 +
7 days at 21 °C were significantly different (p < 0.05) to unripe tomatoes
(day 0) indicating that these products presented typical symptoms of CI
such as irregular ripeness, abnormal softening, and necrosis, that
intensified during ripening (Fig. 2A). In this sense, it has been reported
that these symptoms are a result of metabolic changes, the production of
reactive oxygen species, and changes in lycopene synthesis (Loayza
et al., 2021). While the fruit stored at 12 °C for 12 days, did not present
significant differences (p > 0.05) as compared to unripe tomatoes (day
0) due to 12 °C is a safe temperature for tomato storage. These samples
exhibited regular ripeness, an intense and bright red colour without
apparent damage, which were common fruit features.

3.2. (I evaluation by quality parameters

One of the most important parameters for evaluating fruit quality is
firmness. A significant reduction (p < 0.05) of 29% in tomato firmness

1.8
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was observed after 12 days at 12 °C (safe temperature) in comparison to
the initial conditions (day 0). After the ripening stage, firmness was
significantly reduced (p < 0.05) by 50% as compared to day 12 (Fig. 2B).
This behaviour was associated with regular changes belonging to the
ripening process (Tilahun et al., 2019). On the other hand, fruit stored at
CI temperature maintained the firmness after 12 days, but during
ripening conditions (12 + 7 days) tomatoes presented a 46% firmness
reduction in comparison to day 12. This loss of firmness in tomatoes was
probably caused by the enhanced pectin solubility present in the cell
wall which resulted in higher enzymatic activities of pectin methyl-
esterase and polygalacturonase (Carvajal et al., 2015). In addition,
Biswas et al. (2012) reported that regular-ripe tomatoes exhibited lower
firmness values in comparison to chilled fruit (stored at 6 °C for 27 days
and transfer to 20 °C), indicating that a common symptom of CI is the
irregular ripeness.

Also, TSS is one of the most evaluated fruit quality parameters and
indicates the ratio of intracellular solutes in the fruit. In this sense,
significant differences (p < 0.05) were found in TSS values for all trials
stored at 12 °C (Fig. 2C), exhibiting significant TSS increments
throughout the storage days. It is well known that TSS values rise during
the typical ripening process due to starch being degraded into sugars by
the enzymatic activity carried out throughout metabolic pathways (Adi
et al.,, 2019; Wang et al., 2021). Conversely, at 4 °C, a significant in-
crease (p < 0.05) in the TSS was observed between days 0 and 12, and
after that, a significant decrease was identified at the ripening stage (12
+ 7 days). This increment can be associated with the accumulation of
sugars as a protective mechanism (Zhang et al., 2019); whilst, the TSS
reduction in tomatoes with CI was probably due to the use of sugars as
an energy source to avoid stress (Rasouli et al., 2019).

Furthermore, another index that reveals CI is EL, which is an

90
80 4

B)
§12°C
70

B4 °C

Firmness (N)

Storage time (days)

12°C
50 m4°C

Storage time (days)

Fig. 2. A) Chilling injury (CI) index, B) firmness, C) total soluble solids (TSS) and D) electrolyte leakage (EL) of tomato at different storage days and temperatures.
Different capital letters indicate significant differences (p < 0.05) between pairs of means by Fisher’s test.
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indicator of integrity loss in the plasma membrane. EL values of all
treatments for both temperatures (12 and 4 °C) were significantly
different (p < 0.05) as compared to day O (taken as a control for statistic
tests) (Fig. 2D). Particularly, 12 °C stored tomatoes at the ripening stage
(12 + 7) possessed the highest EL values compared to day 12 due to the
increased membrane permeability in a typical ripening process. Simi-
larly, higher EL values were observed for tomatoes with CI (day 12 + 7)
compared to day 12. This may be related to the fact, that in healthy
temperatures the symptoms of CI intensify. In this sense, it is well known
that CI increase EL values during the ripening stage of several agricul-
tural products (Liu et al., 2019; Pan et al., 2019; Venkatachalam, 2018).

3.3. Micro-scale evaluation of CI

Fig. 3 depicts tomato tissue during storage at different temperatures.
At day 0, a homogeneous structure was observed, exposing mesocarp
cells having ovoid shapes. In tomatoes stored at 12 °C, a typical ripening
process was detected owing to tissues with regular cell shapes and sizes.

Most of the histological changes in tomatoes were exhibited in
samples stored at 4 °C in which the integrity of mesocarp cells was
affected since day 12, observing different cell shapes, as well as more
compacted cells towards the cuticle during the ripening stage (12 + 7
days). Besides, at this stage, the cuticle and the exocarp had more
irregular shapes possessing a wave pattern. A deeper histological com-
parison between healthy and damaged tissue can be found in Supple-
mentary material (Section b.1). Carvajal et al. (2015) studied CI in
zucchini, finding that at a microscopic level, collapsed cells were iden-
tified in damaged samples which can be attributed to cell wall solubi-
lisation and depolymerisation. Therefore, CI can be detected early using
the monitoring of light microscopy images due to visual differences were
evident. However, the CI evaluation based on visual features represents
a subjective approach and standardised and mathematical tools such as
fractal analysis are needed to achieve an enhanced micro-scale approach
to this physiological disorder.

3.3.1. Multifractal analysis
The multifractal approach was suitable to quantitatively describe the

Day 12
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morphometric behaviour of tomato tissue during CI based on images
acquired by light microscopy. The multifractal evaluation was decom-
posed in tangled fractal sets which were characterised by f(a), i.e., the
fractal dimension of the boxes set and their singularity strength (@)
(Garcia-Armenta & Gutiérrez-Lopez, 2022). In this sense, the plot (i.e.,
multifractal spectrum): f(a) vs. a allowed distinguishing the distribution
of the space filled by the tomato tissue and thus, explaining its irregu-
larity. Fig. 4 shows multifractal spectra corresponding to tomato tissues
subjected to all treatments. A space between all the analysed sets was
observed, which is characteristic of multifractal patterns and reflects the
strength of the multifractal nature assumed by the object (Matos et al.,
2023). This space is called the “arms” of the multifractal spectrum and
its width has been related to the probability of having a certain multi-
fractal behaviour to describe a certain object (Talu et al., 2015).
Particularly, when a figure is mono-fractally distributed, a is identical in
all regions (q values), hence the multifractal spectrum consists of a
single point; therefore, a (or the width spectrum) indicates the degree of
the image heterogeneity (Serrano et al., 2013). Also, the plots were built
for q values from —10 to 10 and generalised fractal dimensions (D,)
were obtained for ¢ = 0, ¢ = 1 and q = 2. All multifractal spectra
revealed similar shapes; however, they could be differentiated by their
Dy values. Table 1 shows the extracted multifractal parameters, indi-
cating a general tendency for all treatments of Dy_o>Dg—1>Dy—2, which
confirmed the multiscaling behaviour by the representation of a
decreasing function among the complexity parameters and denoting
differences among microstructure patterns (Jung & Yoon, 2017). In this
case, no significant differences (p > 0.05) were found for Dy—; and Dy_»
values as compared the trials at day 0, day 12 (for both temperatures)
and day 12 + 7 at 12 °C (Table 1). Nevertheless, these generalised fractal
dimensions were significantly different (p < 0.05) at chilling conditions
(day 12 + 7, stored at 4 °C) in comparison to the rest of the treatments
(Table 1), demonstrating that chilled tissues were damaged producing
morpho-structural variations in terms of uniformity and pattern
complexity. In this sense, most of the changes were detected by Dy—o
values (generalised fractal dimensions at the peak of each graph), which
varied between 1.57 and 1.66 (Table 1). The results indicated that the

Day 12+7 (ripening stage)

12°C 4°C

Fig. 3. Reconstructions of light microscopy images of five different tomato samples for different storage days at 12 °C and 4 °C. The scale bar represents 2 mm.
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Fig. 4. Multifractal spectra [f(a) vs a] of light microscopy images of tomato tissue stored at A) 0 days; B) 12 days at 12 °C; C) 12 days at 12 °C plus 7 days at 21 °C
(12 + 7: ripening stage with no chilling injury); D) 12 days at 4 °C; E) 12 days at 4 °C plus 7 days at 21 °C (12 + 7: ripening stage with chilling injury).

multifractal spectrum corresponding to the tomato tissue at day
0 (without storing) was wider (Fig. 4A) having a lower Dy_o value (p <
0.05) (Table 1) in comparison to the tissue at storage conditions of 12
days at 12 °C (Fig. 4B). During the storage period at 12 °C, delayed
metabolic pathways associated with ripening occur in tomatoes pro-
ducing less irregular cell tissue but possessing a higher heterogeneity at

this stage. Subsequently, a significant increase (p < 0.05) of the Dy
value was observed for tomato tissue stored for 12 days at 12 °C plus
ripening period (12 + 7) as compared to the previous stage (12 days) at
the same temperature (Table 1). However, no differences were detected
in widths of the multifractal spectra of day 12 and 12 + 7 at 12 °C
(Fig. 4C). This finding can be related to a more irregular tomato tissue
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Table 1
Multifractal parameters of tomato tissues at different storage days and
temperatures.

Storage time (days)

0 12 124+7

(ripening stage)

Temperature (°C) Dy—o

12 1.630 + 0.026" 1.579 + 0.012P 1.606 + 0.002%

4 1.630 + 0.026 A 1.624 + 0.015F 1.659 + 0.006°
Dy

12 1.616 + 0.032 4 1.600 + 0.021 * 1.605 + 0.017 *
1.616 + 0.032 2 1.612 + 0.0294 1.646 + 0.0228
Dy

12 1.606 + 0.029 1.588 + 0.021 4 1.591 + 0.018 *
1.606 + 0.029 * 1.602 + 0.028" 1.630 + 0.022%
A

12 0.3027 + 0.025%%  0.3809 + 0.026° 0.3394 + 0.034"B

0.3027 4+ 0.025%%  0.3390 + 0.044%¢  0.2933 + 0.033"

D,: generalised fractal dimension at ¢ = 0, ¢ = 1, and g = 2; A: lacunarity.
Different capital letters indicate significant differences (p < 0.05) between pairs
of means by Fisher test.

(higher fractal dimension), maintaining a similar cell heterogeneity, due
to high respiration rates during a regular ripening process. Also, this
tissue irregularity agreed with the loss of firmness and increased EL
detected at day 12 + 7 (see Section 3.2). In this sense, increased fractal
dimensions have been found in ripe papayas (85% vs. 65% ripe),
assigning this behaviour to a heterogeneous decrease in colour param-
eters, enhanced respiration rates and the ethylene action (Caez Ramirez
et al., 2017).

Regarding tomatoes exposed at 4 °C, Dy—o values were not signifi-
cantly different (p > 0.05) between days 0 and 12 (Table 1) as well as no
differences were found in tomato firmness during this storage period
(see Section 3.1). Analogously, similar widths were observed in multi-
fractal spectra corresponding to days 0 and 12 (Fig. 4D). Therefore, the
morphology and heterogeneity of cells were not affected by 4 °C con-
ditions at this postharvest stage period (day 12). However, tomato tissue
with CI symptoms (storage day: 12 + 7, ripening stage) had the highest
Dy value (p < 0.05) and the lowest width of the multifractal spectrum
as compared to the rest of the treatments. This result meant that
damaged cells by cold storage were irregular, and this irregularity was
heterogeneous throughout the tissue image.

Besides the fractal dimension, lacunarity (A) is a parameter that
completes the fractal description of a figure. A of an image describes its
homogeneity (based on the distribution of pixels) and symmetry using
the measurement of gaps (or “lacunae”) in a digital image (Garcia-
Armenta et al., 2019). Objects with similar fractal dimension values can
be symmetrically differentiated by a distinct A value due to their self-
similarity does not fill the measuring box (in the box-counting
method) at the same ratio. Hence, a high A value has been related to a
less symmetric image (Garcia-Armenta et al., 2021). For tomato tissue
stored at 12 °C, a significant increase (p < 0.05) of A was observed for
storage day 12 in comparison to day 0, which was associated with a
higher proportion of gaps in the images. The regular ripening of to-
matoes causes an increase in the structural separation of cells resulting
in firmness loss and a higher tissue asymmetry. When 12 °C stored to-
matoes were subjected to ripening conditions (day 12 + 7), the A value
significantly decreased (p < 0.05) probably due to common structural
changes at the ripening stage that organised the tissue in a more sym-
metric figure.

On the other hand, significant differences (p < 0.05) in A values were
found only between day 0 and the ripening stage (12 + 7) under CI
conditions, demonstrating that the irregularity described by Dy in CI
tissues was symmetric along the images. Comparing the A of all treat-
ments against day 0, stored tomatoes for 12 days at 12 °C possessed the
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highest value, indicating that at a micro-scale level of observation,
structural damage can be identified in cells and possibly this injury was
not detectable at a macro-scale level (visual examination). The CI
evaluation by fractal parameters has been scarcely studied; however,
Espinosa-Velazquez et al. (2016) evaluated the morphology during the
ripening of avocados through the light microscopy technique, finding
that A was higher in unripe avocados in comparison to ripe trials, i.e.,
the ripening stage triggers more symmetrical fruit tissues.

The abovementioned results indicated that morphological changes of
tomato tissues affected by CI can be successfully described by the mul-
tifractal approach at a micro-scale level observation.

3.4. Micro-nano-scale evaluation of CI

ESEM technique allows to detect changes at a micro-nano-
observation scale level (Garcia-Armenta & Gutiérrez-Lopez, 2022).
Based on the findings determined by the micro-scale level, changes in
tomatoes caused by CI were mainly distinguishable at the ripening stage
(12 + 7) (See Fig. 3). Therefore, ESEM images were acquired during this
period to focus on structural changes carried out only by this disorder.

Regarding the visual evaluation of ESEM images of tomato pericarp
at the ripening stage (12 + 7), fruit stored under 12 °C conditions pre-
sented cells with regular shapes, intact cell walls and no visible damaged
tissue when observed at 50X (Fig. 5A) and 100X (Fig. 5C). Conversely,
those previously stored at 4 °C (with CI) exhibited alterations in cells
such as more elongated cells and broken cell walls (Fig. 5B and 5D).
Besides, ESEM images revealed that CI in tomatoes triggered a signifi-
cant increase (p < 0.05, by Tukey test) in cell size (mean = 235.7 + 89.4
um) in comparison to regular ripe fruit (mean = 130.22 + 53.89 um) and
a different cell size distribution. The methodology to achieve these data
can be found in Supplementary material (Section a.1). Fig. 5E shows cell
size distribution for both storage temperatures (12 and 4 °C), deter-
mining that the size distribution corresponding to cells of non-chilled
tomatoes possessed a Log-normal distribution type (p = 0.533, by
Anderson-Darling test) skewed to the left (skewness = 1.165; kurtosis =
1.306); whilst, cells with CI resulted in a symmetrical (skewness =
0.225; kurtosis = -0.993) 3-parameter Weibull distribution type (p =
0.138, by Anderson-Darling test). In this sense, the micro-nano-
observation scale level of CI damage has been studied for mangoes
using X-ray pCT technique, finding that the pore size (produced by cell
networks in 3D) of healthy mesocarp was lower in comparison to the
mesocarp developing CI, which presented pore collapse and an
increased pore space among cells (Cantre et al., 2017).

Regarding the tomato cuticle observed by ESEM, that corresponding
to ripe fruit stored at 12 °C exhibited a more uniform texture and their
shapes were more regular in comparison to tomatoes stored at 4 °C (CI
condition) (Fig. 5F and 5G). Irregular ripening is one of the most com-
mon CI symptoms, and ESEM images allowed the detection of differ-
ences in the grayscale level pixels of the surface belonging to damaged
tomato cuticle. Damage was identified as lighter spots in the ESEM
images at both magnifications: 250X and 1000X (Fig. SH and 5I). As
previously reported in tomato fruit, the exposition to chilling stress lead
to a down-regulation of genes involved in carotenoid synthesis, which
could explain the differences in grayscale levels between tomato cuticle
stored at 12 and 4 °C (Cruz-Mendivil et al., 2015).

Concerning the fractal analysis, ESEM images were analysed under
the multifractal approach which was unsuitable for CI evaluation in
tomatoes due to the a distribution resulted in a single point (data not
shown). Therefore, the monofractal dimension (FD) of texture based on
pericarp and cuticle images was calculated for all treatments. FD is a
morphometric parameter that has been associated with the irregularity
and rugosity of a surface (Valenzuela-Lagarda et al., 2018). Results
indicated that both FD values from the pericarp and the cuticle were
significantly higher (p < 0.05) at the CI conditions (Table 2) which could
be associated with more irregular and rougher surfaces in several zones
of the tomato tissue. However, no significant differences (p > 0.05) were
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Fig. 5. ESEM images of the pericarp and cuticle of tomato taken after 12 days of storage at 12 or 4 °C plus 7 days at 21 °C, at magnifications of 50X (A and B), 100X
(C and D), 250X (F and G), 1000X (H and I). E) Cell size distribution of tomato tissues with (4 °C) and without (12 °C) chilling injury (CI). Red arrows indicate

lighter surfaces.

Table 2
Morphometric parameters of tomato at ripening stage (12 storage days plus 7
days at 21 °C) from ESEM and AFM images.

Parameter Storage temperature (°C)

12 4
ESEM
FD, 1.578 + 0.009° 1.601 + 0.013*
Ap 0.031 + 0.008* 0.0472 + 0.031*
FD, 1.644 + 0.031 1.746 + 0.048*
Ac 0.029 + 0.015* 0.014 + 0.022%
AFM
FD 1.609 + 0.045% 1.626 + 0.027
A 0.044 + 0.038" 0.025 + 0.009%
R,(nm) 157.0 + 51.28 231.9 + 70.4%
Rq(nm) 199.9 + 56.3% 288.9 + 84.7%

FD: fractal dimensién; A: lacunarity; R,: arithmetic rougness; Ry: root mean
square roughness.

Subscript p means pericarp and subscript ¢ means cuticle.

*Different capital letters indicate significant differences (p < 0.05) among means
by Fisher test.

found for A values between ripe tomatoes at 12 and 4 °C. These findings
meant that the texture irregularity detected by FD was uniformly
distributed in the entire image, given that A is a parameter that

associates the figure geometry and the texture quality (Matos et al.,
2021). There have been some reports using Scanning Electron Micro-
scopy (SEM) technique for the description of CI in different fruit such as
bananas (Huang et al., 2021), blood oranges (Habibi et al., 2020), and
green bell peppers (Kong et al., 2020). However, FD has not been
considered a parameter to detect CI symptoms at the micro-nano-scale
observation level. Based on this study, FD can be an appropriate indi-
cator of cell damage induced by CI in tomato fruit.

3.5. Nano-scale evaluation of CI

AFM technique involves the use of nanoindentation to obtain
detailed images of the surface of a certain object at the nano-scale level
of observation. In this study, AFM images were acquired to assess CI in
tomato cuticle. The observation of the tomato nanostructure revealed
that wax was present in all samples. For non-chilling conditions (to-
matoes stored at 12 °C), wax was responsible for the creation of
smoothed lines in the images (Fig. 6A and 6B); whilst the wax in CI tissue
(tomatoes stored at 4 °C) formed small edges or bumps at the cuticle
surface (Fig. 6C and 6D). It is important to mention that substantial
changes in this element (wax) were unable to detect at micro- and micro-
nano-scale level observations which were described in previous sections.
Also, in AFM images, darker zones (dark red colour) corresponded to
deeper regions and lighter zones (yellow colour) are shallower areas.
Therefore, results showed that CI nano-scale level produced rougher
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Fig. 6. AFM images in an area of 15 x 15 um? of tomato cuticle at the ripening stage (12 storage days plus 7 days at 21 °C) when tomato was stored at 12 °C, non-CI
conditions (A and B) and 4 °C, CI conditions (C and D). Left images represent 3D plots and right images are their corresponding 2D view.

areas in comparison to non-chilled tissue (See Fig. 6). It was remarkable
that a related result was detected at the micro-scale approach due to the
CI tissue possessed more deformations and non-chilled samples exhibi-
ted smoother structures (see Fig. 3). In this sense, the AFM technique has
been successfully applied to fresh vegetable tissues. Li et al. (2011) re-
ported similar findings, indicating that CI in sweet peppers triggered
AFM signals which depicted bumps and rough surfaces in the epicarp of
these products.

Based on the visual evaluation of the AFM images, it was clear that
there were morphological differences between healthy and CI tomato
tissue at the nano-scale approach. However, FD values calculated from
AFM images did not show significant differences (p > 0.05) (Table 2)
between both temperatures, indicating that this parameter was inade-
quate to detect changes in the nanostructure of tomato tissue damaged
by CL. It is well known that FD is strongly dependent of the observation
scale; hence, this parameter worked well for micro- and micro-nano-
approaches but not for the nano-scale.

Conversely, significant differences (p < 0.05) were found in A
(Table 2), detecting lower values for CI conditions as compared to reg-
ular ripe samples, which meant that the images corresponding to injured

tissues were more symmetrical in comparison to non-damaged fruit. Ina
study, the fractal analysis based on AFM images was helpful to distin-
guish apple tissues and isolated cells at a nanometric scale, reporting
that FD was higher in isolated cells than in tissues (Cardenas-Pérez et al.,
2016).

On the other hand, the roughness extracted from AFM images as R,
and Ry parameters was assessed to couple the fractal analysis. Higher
values of both parameters indicate higher heights of the analysed sur-
face. Data showed that the roughness belonging to CI tomato samples
was significantly higher (p < 0.05) than non-chilled tissue (Table 2),
which could be associated with the bumps observed for cell damage
caused by the exposition to chilled temperatures. Consequently, R, and
Rq resulted in suitable parameters to identify CI symptoms at a nano-
scale level observation. Khodabakhshian and Baghbani (2021) ob-
tained roughness parameters from AFM images of banana peel to eval-
uate the ripeness degree, finding that R, and Rq values decreased (R, =
8.25-1.12 nm; Ry = 9.65-1.12 nm) in advanced ripening stages.
Therefore, roughness parameters could help detect changes that a visual
inspection would not achieve concerning the fruit nanostructure during
postharvest.
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3.6. Principal component analysis (PCA)

In this study, PCA was applied to evaluate interactions between
quality and morphometric parameters (at analysed observation scales)
as they were affected by the CI in tomato (Fig. 7). This analysis suggests
that factors can be included in a first component (PC1) if they have a
high relationship among them, and the second highest variance value
can be supported by a second component (PC2) (Ahmadian-Kouchak-
saraie et al., 2016). Results showed that PC1 and PC2 explained the
46.97% of the cumulative data variance. The eigenvalues of the four
main components are described in Supplementary material (Table S1).

It can be observed that FDE (fractal dimension from ESEM images),
TSS and EL were highly related to positive values of PC1, and their
higher values were directed to most chilled samples. This finding meant
that a strong interaction was detected for these parameters at chilling
conditions. Also, FDA (fractal dimension from AFM images) was related
to another cluster of CI tomatoes; however, no interactions with quality
parameters were identified. On the other hand, Firm (firmness), Dy—o
(box-counting fractal dimension), LacA (lacunarity from AFM images)
and LacE (lacunarity from ESEM images) were the parameters with the
lowest interactions according to PCA. Based on these results, it can be
inferred that fractal dimension (at micro and micro-nano-scales)
coupled with TSS and EL were the most useful factors to describe
morphometric changes yielded by the CI in tomato. Therefore, a
descriptive model of this phenomenon must be proposed to improve the
understanding of CI and to develop novel technologies for its detection
in tomatoes.

3.7. Multi-scale approach

A descriptive model of the changes occurred in tomato tissue by CI
was proposed to highlight the dependence of the observation scale in the
monitoring of this phenomenon (Fig. 8). FD was a suitable index for the
identification of CI symptoms at micro- and micro-nano-levels, sug-
gesting that tissue was more irregular (higher FD values) at chilling
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conditions. However, this parameter did not detect cell damage at a
nano-observation scale; hence, A and roughness helped distinguish
variations in cell tissues at this level. At nano-observation scale, the cell
surface showed alterations produced by CI, exhibiting rougher (higher
R, and Ry) nano areas but symmetrically distributed (lower A) into the
analysed section. This multi-scale approach could aid to identify cell
damage at different observation scales that are not easily detected by
subjective visual evaluation (macro level). Also, CI has been scarcely
studied by a multi-scale perspective, hence, this study involves several
observation scales to propose further techniques to avoid this physio-
logical disorder in postharvest technology.

4. Conclusions

Morphometric changes induced by CI in tomato tissue were
described based on the fractal analysis at three observation scales:
micro-, micro-nano- and nano-. The light microscopy images revealed
that tomato tissue was characterised better by a multifractal behaviour,
which meant several fractal dimensions could explain the irregularities
observed. Besides, the micro-nano-approach was established by ESEM
images, and the nano-observation scale was performed by analysing
AFM images. In general, FD (seen as Dy, as well) values (>1.6) were
higher for samples presenting CI at the micro and micro-nano-
approaches in comparison to non-chilled tissue (FD > 1.5). Addition-
ally, FD can be considered a proper indicator of CI due to it being well
correlated with TSS and EL according to PCA. On the other hand, A was
useful to detect variations only at the nanometric observation scale,
finding no differences for the rest of the scales. Also, at the nano-scale
approach, roughness parameters (R, and Ry) completed the identifica-
tion of changes produced by CI in tomatoes because of higher values
were observed for trials at chilling conditions. The suggested multi-scale
approach could improve the understanding of CI as a complex disorder
which affects the structure of tomato tissues at different observation
scales. By the comprehension of morphometric changes carried out in
tomato tissues as a consequence of CI, novel methods that act directly on
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Fig. 7. Principal Component Analysis (PCA) of quality and morphometric parameters. Sample code: storage temperature_sample number. Abbreviations: Firm:
firmness; TSS: total soluble solids; EL: electrolyte leakage; Dq: generalised fractal dimension from microscopy images; FDE: fractal dimension from ESEM images;
FDA: fractal dimension from AFM images; LacE: lacunarity from ESEM images; LacA: lacunarity from AFM images.
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Fig. 8. A Multi-scale descriptive model of morphometric changes derived from chilling injury in tomato. The morphometric parameters placed on top of the photo
are the result of the comparison between non-chilling conditions (12 °C) and chilling injury (4 °C). Symbol: 1 indicates higher values.

cells at each scale can be developed to avoid this postharvest issue.
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