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A B S T R A C T

This study aimed to evaluate the ability of fluorescence spectroscopy to predict the shelf life of fresh-cut apples. 
Changes in fluorescence spectra, colour, and nutritional quality were monitored during the storage at 4, 10, and 
15 ◦C. Kinetic models employing pseudo-zero and first-order equations were developed to describe the quality 
change over time, and activation energy was obtained using the Arrhenius model. The results showed that the 
browning index (BI) was the most reliable indicator for predicting the shelf life of fresh-cut apples and was 
correlated with the fluorescence index computed from the PARAFAC-resolved fluorescence components (r >
0.90). A fluorescence value of 1.79, corresponding to a shelf life of approximately 5 days, was determined as the 
critical value for discriminating between high- and low-quality products. In conclusion, fluorescence was sug
gested as a suitable technology for rapid, accurate and non-destructive shelf life monitoring of fresh-cut apples.

1. Introduction

Apples are one of the most consumed fruits in the world. In 2023, 
global apple production amounted to approximately 60 million metric 
tons (FAO, 2024). Apples are rich in bioactive compounds, including 
phytochemicals, vitamins, minerals, and dietary fibre, and for this 
reason, they have spurred increased consumption, benefiting both the 
agrifood economy and human health (Kalinowska et al., 2014). The 
realities of the 21st century, such as industrialisation, population 
growth, busy lifestyles, work overload, stress and sedentary lifestyles 
(Sparling et al., 2024), have contributed significantly to the change in 
apple consumption. Consumers prefer to eat fresh-cut apples as they 
provide a healthy, ready-to-eat product. However, the shelf life of fresh- 
cut apples is limited (4–10 days), and food spoilage occurring during 
transport and processing can result in significant losses. Accurate pre
diction and determination of the shelf life of products under defined 
conditions provide the basis for effective storage and distribution stra
tegies (Cui et al., 2023). Determining the shelf life of food products is 
typically a three-step process. First, the key factors responsible for 
quality degradation are identified and acceptable limits are established 

(Nicoli, 2012). Subsequently, the evolution of selected quality indicators 
over time is monitored under both, standard storage conditions (real- 
time testing) and conditions designed to accelerate degradation (ASLT) 
(Calligaris et al., 2016). Finally, a shelf life model is developed to 
facilitate estimation and prediction (Martín-Torres et al., 2022). As the 
appropriate quality indicator depends on the specific product, it must be 
determined individually for each study. Monitoring changes in the 
critical index of the product allows the identification of critical limits, 
which are crucial for quality monitoring and shelf life estimation. 
Traditional techniques widely used in food science to detect the quality 
of fresh-cut apples include mechanical (texture and firmness), physical 
(colour, soluble solids, dry matter) and chemical (starch content, 
titratable acidity, ethylene production, vitamin C content, polyphenol 
content and antioxidant capacity) methods (Musacchi & Serra, 2018). 
Although these techniques are sensitive and accurate, they are 
destructive, time-consuming and often require large amounts of re
agents or sample (Kharbach et al., 2023). Novel spectroscopic methods 
such as ultraviolet-visible (UV–Vis) spectroscopy, near-infrared (NIR) 
spectroscopy, Raman spectroscopy and fluorescence spectroscopy have 
therefore been developed (Hassoun et al., 2019). These techniques are 
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based on the interaction of the sample with electromagnetic radiation 
and, as they do not require extensive sample preparation, they can be 
applied along the production line (Kharbach et al., 2023). Fluorescence 
has traditionally been used in food science to detect authenticity and 
adulteration, oxidation processes, and microbial and mycotoxin 
contamination (Sikorska et al., 2005; Sikorska et al., 2019). Traditional 
applications also include quantification of product freshness and clas
sification based on specific quality indicators (Karoui & Blecker, 2011). 
While right-angle fluorescence can only be applied to liquid materials, 
front-face fluorescence allows the direct analysis of solid materials, 
minimising undesirable optical phenomena such as light reabsorption 
and scattering (Hassoun, Sahar, Lakhal, & Aït-Kaddour, 2019). How
ever, to generate accurate data, the sample surface has to be represen
tative of the entire sample being analysed (Christensen et al., 2006). Due 
to this limitation, most studies applying fluorescence to fruits and veg
etables have focused on liquid materials such as juices. For example, Zhu 
et al. (2009) applied front-face fluorescence to study the browning 
occurring during the production of apple juice, while Włodarska et al. 
(2016) and Cropotova et al. (2016) applied fluorescence to study the 
antioxidant properties of apple juice and the non-enzymatic browning 
initiation in apple fruit fillings, respectively. Fluorescence analysis of 
intact fruit has instead mainly focused on chlorophyll (Bron et al., 2004; 
Kurenda et al., 2014; Noh & Lu, 2007). Although chlorophyll fluores
cence can provide interesting information for detecting the quality of 
fresh, unprocessed fruits, it lacks specificity when nutritional aspects 
need to be investigated. Therefore, a broader and more specific explo
ration of the fluorescence landscape of fresh minimally processed fruits 
is recommended. To this aim, the specific objectives of this study were: 

1. investigate the front-face fluorescence spectra (non-destructive 
analysis) of fresh-cut apples and the changes in chemical, physical 
and nutritional parameters (destructive analysis) occurring during 
storage at different temperatures.

2. identify critical quality indicators from front-face fluorescence 
spectra and correlate them with the critical quality index determined 
by destructive analysis;

3. estimate the shelf life of fresh-cut apples using fluorescence in
dicators, following a kinetic approach.

To the best of the author's knowledge, this is the first study using 
fluorescence spectroscopy as a non-destructive technique for the rapid 
estimation of the shelf life of fresh-cut apples. The present work is 
therefore designed as a preliminary study to determine the feasibility of 
using fluorescence for advanced applications on intact foods.

2. Materials and methods

2.1. Experimental set-up

Apples (Malus × domestica, cultivar Gala-Brookfield) were harvested 
during October 2021 from an orchard located in Potsdam-Marquardt, 
Germany (Latitude: 52.466274◦ N, Longitude: 12.57291◦ E) and deliv
ered to the laboratory on the same day of harvest. Upon arrival, intact 
apples were selected for uniform size and appearance and washed with 
running cold tap water for 3 min. Washed apples were manually peeled 
and cut into cylinders by using a circular mold (diameter 16 mm and 
height 80 mm).

Apple cylinders (20 g) were packed in polyethylene pouches (0.15 m 
× 0.10 m; air/sample ratio was about 1/2) and stored at 4, 10 or 15 ◦C 
for 16 (4 ◦C) or 14 (10 and 15 ◦C) days. Colour (L*, a*, b*, ΔE, BI), 
fluorescence spectra, total antioxidant capacity (TAC), total polyphenol 
content (TPC) and vitamin C content (vit. C) were monitored during the 
storage period.

2.2. Fluorescence analysis

Multi-scan fluorescence analysis was directly carried out on the 
apple cylinders with a Perkin Elmer LS55 Luminescence spectrometer 
(Perkin-Elmer, Waltham, MA, USA) equipped with a front face cell 
holder (Cell-holder nr. 52,123,130, Perkin-Elmer) and controlled by the 
FL WinLab Perkin-Elmer 403 software. A pulsed xenon lamp with a 
voltage of 775 V and a red-sensitive photomultiplier detector R928 were 
used as excitation source and an emission detector, respectively. Exci
tation and emission slits width were set at 5 nm and emission spectra 
(Em) were recorded between 260 and 700 nm in 0.5 nm steps over an 
excitation region (Ex) between 240 and 500 nm (10 nm steps). Data 
acquisition speed was set at 1500 nm/min, and about 12 min were 
needed for scanning the overall fluorescence spectra of one sample. All 
the data were mean-centred, block-averaged, rationed, and corrected for 
the rhodamine reference cell. Intra and inter-day variations of light in
tensity were accounted for by scanning the Raman peak of Milli-Q water 
(excitation = 350 nm; emission = 380–420 nm) (Lawaetz & Stedmon, 
2009).

2.3. Colour measurement

Colour was quantified using a CFO 200 colour sensor (Silicann Sys
tems GmbH, Rostock, Germany) equipped with a two-focus optics 
A2.0–100 scanner (Silicann Systems GmbH, Rostock, Germany). Work
ing distance (i.e. distance between optical scanners and sample) was set 
at 90 mm, and a 0◦ standard observation angle was applied. White 
reflectance standard WS-1-SL (Labsphere Inc., North Sutton, USA) was 
used as blank. Each sample was scanned seven times, and the recorded 
CIELAB colour space (L*; a*; b*) values were mediated. Total colour 
change (ΔE) (ASTM International, 2021) and browning index (BI) 
(Maskan, 2001) were calculated according to Eq. 1 and Eq. 2, 
respectively: 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
(ΔL*)2

+ (Δa*)2
+ (Δb*2

)
]√

(1) 

BI =
100(x − 0.31)

0.17
(2) 

where ΔL*, Δa* and Δb* stood for the differences of L*, a* and b* values 
recorded against time 0, while x was computed for each time and sample 
according to Eq. 3: 

x =
a* + 1.75 L*

5.645 L* + a* − 0.012 b*
(3) 

2.4. Nutritional chemical quality

Total antioxidant capacity (TAC), total polyphenols content (TPC) 
and vitamin C content were measured according to Valentino et al. 
(2023a). Briefly, TAC of apple cylinders (mg Trolox equivalent per g of 
dry matter, mgTE* gdm

− 1) was determined by mixing 0.5 g of freeze-dried 
sample with 10 mL of methanol/water (80:20) solution at room tem
perature for 60 min, followed by an ultrasonic treatment for 30 min at 
about 30 ◦C. The obtained mixture was centrifuged (Eppendorf 5180R) 
at 10,000 rpm for 15 min (Pérez-Jiménez et al., 2008) and 100 μl of 
supernatant was mixed with 4.9 mL of a 0.1 mM DPPH solution in 
methanol. The resulting mixture was kept in the dark at room temper
ature for 30 min, and the absorbance was measured at 515 nm using a 
UV–VIS spectrophotometer (UV-550 Jasco, Japan). TPC (mg gallic acid 
equivalent per gram of dry matter, mgGAE*gdm

− 1) was measured by 
treating 0.5 g of freeze-dried sample with 10 mL of sodium bicarbonate 
(6 %). The obtained solution was filtered through a filter paper, and 0.5 
mL of the filtrate was added to 2.5 mL of Folin-Ciocalteau reagent 
containing 2 mL of sodium carbonate. Subsequently, the samples were 
incubated in the dark at 35 ◦C for 1 h, followed by an additional hour of 
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incubation at 6 ◦C. Absorbance was then measured at 760 nm by using 
an UV-VIS spectrophotometer (UV-550 Jasco, Japan). A solution con
taining 2.5 mL of Folin-Ciocalteau reagent and 2.5 mL of sodium bi
carbonate was used as blank. Vitamin C content (mg of vitamin C per 
gram of dry matter, mgVit C*gdm

− 1) was determined by homogenising 1 g of 
freeze-dried sample with 10 mL of 8 % glacial acetic acid solution, fol
lowed by centrifugation for 7 min at 7000 rpm and filtration. This 
process was repeated four times. The extracted solution was then mixed 
with a riboflavin solution (0.06 g in 100 mL of 0.01 M potassium buffer, 
pH = 7.5) and subjected to light exposure at 5500 Lux for 15 min 
(Valentino et al., 2023a). Vitamin C content was determined based on 
the absorbance change before and after illumination, calculated by using 
calibration curves of ascorbic acid dissolved (0–10.5 μg mL− 1) in the 
same riboflavin buffer used for the samples.

2.5. Data processing, mathematical modelling and statistical analysis

Fluorescence data were analysed through the drEEM 0.6.3 toolbox 
(Murphy et al., 2013) run under the MatLab R2021b statistical envi
ronment (The MathWorks Inc., Natick, MA, USA). Emission spectra of 
each sample was organised in a tri-dimensional excitation-emission 
matrix (EEM) and normalised by dividing the overall spectra for the 
Raman peak intensity (Lawaetz & Stedmon, 2009). Excessive noise was 
eliminated by reducing the emission wavelengths to the 270–600 nm 
region and removing excitation wavelengths lower than 250 nm. Ray
leigh first and second-order scattering were removed by cutting out the 
spectral region at Em = Ex ± 50 nm (first-order Rayleigh scatter) and 
Em = 2*Ex ± 70 nm (second-order Rayleigh scatter). The resulting EEM 
was submitted to parallel factor (PARAFAC) analysis. Ten PARAFAC 
models (from one to 10 components) were built by imposing no- 
negativity constraints in all the modes (Bro, 1997). Convergence 
criteria and maximum number of iterations were fixed at 10− 6 and 2500, 
respectively. Split-half analysis in four random splits, core consistency 
diagnostic, percentage of explained variance and visual study of the 
spectra were applied for model validation (Stedmon & Bro, 2008). An 
adaptation of the jack-knife (leave-one-out) technique, applied on the 
excitation and emission modes and consisting of running new PARAFAC 
models on reduced EEMs (i.e. on EEMs where the spectral region of the 
previously validated component was manually removed) was further 
applied. A retrospective study was therefore performed by comparing 
the spectral properties of the newly validated models with the properties 
of the validated model built on the initial dataset. Additional models 
were built on selected intra-temperature sub-datasets (Rossi et al., 
2021). The initial model was therefore refined, and Fmax associated 
with each PARAFAC component was extracted and standardised ac
cording to Karoui et al. (2006a). Then, specific fluorescence indexes 
were calculated as the ratio between PARAFAC components one and two 
(C1/C2). Computed fluorescence indexes were submitted to further 
statistical analyses.

Two-way analysis of variance (ANOVA) at a probability level of 0.05 
was applied to chemical (TAC, TPC, vit. C) and physical (L*, a*, b*, ΔE, 
BI, fluorescence indexes) data to evaluate the effect of storage time and 
temperature on quality changes. The Tukey HSD post hoc test run under 
the R statistical environment (R Core Team, 2022) was used to evaluate 
statistically significant differences among samples stored for different 
time intervals.

Two mathematical models (pseudo-first order (Eq. 4) and pseudo- 
zero order (Eq. 5)) were further applied to colour (L*, a*, b*, ΔE, BI), 
Vit. C and fluorescence indexes for evaluating the dynamic evolution of 
quality attributes along the storage: 

Q = −
(
Qf − Qi

)
*e(− kt) (4) 

Q = −
(
Qf − Qi

)
*( − kt) (5) 

where Q represents the studied quality attribute, Qf and Qi are the 

attributes at the final and initial time of the considered time interval, 
respectively, t is the considered storage time (days), and k is the kinetic 
constant of the model. Correlation coefficient (R2), mean-square error 
(MSE), and root-mean-square error (RMSE) were used to monitor the 
goodness of the fit. The temperature effect on the quality deterioration 
of stored cylinder apples was therefore estimated by applying the 
Arrhenius equation (Eq. 6): 

lnk = kref

(
Ea
R

)[
1
T
−

1
Tref

]

(6) 

where kref is the constant degradation rate of the considered quality 
parameter at the reference temperature Tref, Ea is the activation energy, 
and R is the universal gas constant.

3. Results and discussion

3.1. Fluorescence spectra

Fluorescence analysis carried out on the apple cylinders resulted in 
an EEM of dimension 207x882x27 (number of samples x number of 
emission wavelengths x number of excitation wavelengths). Visual analysis 
of the spectra clearly showed the presence of five fluorescence-sensitive 
regions, centred at excitation/emission maxima of approximately 270/ 
320–330, 340/380–390, 370–390/400–420, 430/480, 390/500–550 
nm, and common to most of the samples (Fig. 1).

PARAFAC analyses carried out on the overall dataset as well as on the 
temperature-specific sub-datasets confirmed such observation, with the 
five-components model being validated in all, the overall and the 
temperature-specific datasets. This result was not consistent with Wło
darska et al. (2016) who used a three-components PARAFAC model to 
describe the fluorescence spectra of apple juice. The presence of five 
components was observed on the temperature-specific sub-datasets. 
PARAFAC models built on these sub-datasets were indeed not always 
validated for five components, suggesting that the fluorescence peak 
number 5 is only present in some of the samples. It indicates that sig
nificant changes occur in the fluorescence spectra of apples during 
storage.

Fig. 2 shows the excitation and emission loadings extracted from the 
PARAFAC model-5 built on the overall dataset. The first component 
(green) had excitation/emission maxima at 270/320–350 nm and might 
be associated with aromatic amino acids. Specifically, three amino acids, 
i.e. tyrosine, phenylalanine and tryptophan, can emit fluorescence 
(Christensen et al., 2006). Among them, tyrosine and phenylalanine 
have already been described in apples (Wu et al., 2007; Amanor-Atie
moh et al., 2020) and in aqueous environments show excitation/emis
sion wavelengths located at 276/302 nm (tyrosine) and 258/284 nm 
(phenylalanine). On the other hand, tryptophan, whose presence has 
been hypothesised (Seiden et al., 1996; Zhu et al., 2009) but never 
confirmed (Tasić et al., 2022) in apple, traditionally emits fluorescence 
around 350 nm when excited at 280 nm (Rossi et al., 2021). Component 
one might also be associated with α-tocopherol, which emits fluores
cence at excitation/emission of 290/323 nm (San Andrés et al., 2017), as 
well as with flavanols (Włodarska et al., 2016; Poryvkina et al., 2014), 
with catechin, epicatechin and procyanidins usually presenting excita
tion/emission maximum at 279/316, 280/317 and 280/321–324 nm 
respectively (Airado-Rodŕiguez et al., 2009; Wang et al., 2017).

PARAFAC component 2 (yellow) comprised a significantly wider 
peak, with maximum excitation located at 340 nm and emission ranging 
between 380 and 420 nm. Vitamin B6 is usually responsible for emitting 
fluorescence in this region (Radotić et al., 2023). However, it should be 
mentioned that such a compound has never been detected in studies 
investigating the fluorescence spectra of apple juice, although its 
absence might also be due to the long heat treatment applied for 
obtaining apple juice. Vit. B6 is indeed well known for being highly 
sensitive to elevated temperatures (Herrera-Ardila et al., 2022; Gregory 
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& Hiner, 1983).
Components 3 (red), 4 (grey) and 5 (blue) are centred at Ex/Em of 

390/400–420 nm, 260–470/490–530 nm and 430/460–480 nm, 
respectively. These components might be associated with mixtures of 
several compounds, as already suggested by Wlodarska et al. (2016).

Specifically, component-4 might be associated with a mixture of 
thiamin (vit. B1, Ex/Em = 370/460) and riboflavin (vit. B2, Ex/Em =
270–370-450/525). Both compounds have indeed already been 
described in apples (Islam et al., 2016) and, when present in similar 
concentrations, their fluorescence spectra tend to converge (Yang et al., 
2016). However, PARAFAC component-4 might also be associated with 
several flavonoids such as quercetin, kaempferol and naringenin. Their 
excitation/emission peak is indeed located at approximately 470/520 
nm (Mukai et al., 2011), i.e. in the same region where component-4 
raises. In a similar fashion, quercetin has also been found to emit fluo
rescence at 480 nm when excited at 427 nm (Airado-Rodŕiguez et al., 
2009), becoming a possible candidate for component 5.

No specific compounds naturally present in apples seem instead to 
have an excitation-emission spectrum that can be associated with 
component-3. Such component might therefore be attributed to com
pounds that are produced during the storage of apple slices, such as 
oxidation products. Emission at 420–430 nm over excitation at 350 nm 
has indeed been observed in several food-related studies where oxida
tion was investigated (Liang & Lin, 2000; Sadecka and Tothova, 2007).

Considering the EEM of apple slices stored at different temperatures 

for different times, two interesting phenomena were noticed. The first 
phenomenon was related to a progressive shift of the peak associated 
with the first PARAFAC component toward higher emission wavelengths 
(red-shift). This red-shift, which was more evident on slices stored at 
higher temperatures than at lower temperatures, has already been 
observed in other food (Bußler et al., 2015; Liu & Metzger, 2007; Ojha 
et al., 2024) and it is generally associated to changes in the structure of 
proteins as a result of physical modification on the environment where 
these proteins are located (Albani, 2012).

The second phenomenon was related to changes in peak intensity. 
Specifically, the first peak went through a progressive decrease that was 
more evident in samples stored at higher temperatures, while the peak 
associated with the third PARAFAC component showed an increase 
(supplementary information 1). Change in fluorescence intensity during 
processing and storage has already been observed in several foods and it 
is generally due to changes in product quality (Ahmad et al., 2017; 
Karoui & Blecker, 2011). In the case of apples, Poryvkina et al. (2014)
noticed a significant reduction in fluorescence intensity at Ex/Em 285/ 
310 nm when intact fruits were processed into juice. According to the 
authors, such excitation/emission couple was associated with poly
phenols, which are known to be extremely affected by processing. 
Similarly, Zhu et al. (2009) observed that apple juice subjected to 
thermal treatment at 95 ◦C showed an increase in fluorescence intensity 
at Ex/Em 400/476 nm, which was traditionally associated with products 
of the Maillard reaction. Although no thermal process was applied in our 

Fig. 1. 3D-representation of the Excitation-Emission Matrix (EEM) recorded on a fresh-cut apple cylinder.

Fig. 2. Excitation (A) and emission (B) loadings associated to the different PARAFAC components extracted from the PARAFAC model-5 validated on the overall 
dataset. Different colours indicated different PARAFAC components: component-1, green; component-2, yellow; component-3, red; component-4, grey; component-5, 
blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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study, the evolution in fluorescence intensity associated with PARAFAC 
components 1 and 3 can be attributed to progressive polyphenols 
oxidation occurring during the storage of apple cylinders.

However, despite the presence of this second phenomenon being 
evident, no specific increasing or decreasing trend in fluorescence in
tensity associated with these PARAFAC components was computed. 
Suitable explanation for the absence of such a clear trend should be 
found in the constraints of the experiment. Indeed, in order to combine 
non-destructive fluorescence analysis with destructive chemical anal
ysis, slices originating from different apples (although from the same 
batch) were analysed over time. As fluorescence intensity is an 
extremely dynamic phenomenon, which not only depends on the con
centration of chemical compounds but also on light penetration in
tensity, internal resonance and energy distribution (Buschmann et al., 
2000), the use of different samples might have hindered the results. 
Therefore, in order to overcome such a problem, a standardisation 
procedure consisting of the use of components ratio (as suggested by 
Karoui et al. (2006a; 2006b)) was applied (supplementary information 
2). The ratio between PARAFAC component-1 and PARAFAC 
component-2 was selected as the best index for representing the quality 
changes occurring in minimally processed apples during storage. 
Component-1 was indeed observed to be the most intense component in 
initial samples, as well as the one showing the highest change in in
tensity during the storage. Flavanols and vitamin E are indeed well 
known for exhibiting strong variations as a function of different tem
peratures and times (Coad & Bui, 2020; Pavlović et al., 2017). On the 
other hand, component-2 was more stable and therefore suitable for 
being used as reference. Changes in vitamin B6 during the storage are 
indeed often limited (Coad & Bui, 2020; Gregory & Kirk, 1978), sug
gesting that it might be satisfactory used as an indicator of the non- 
storage dependent physico-chemical changes.

3.2. Colour measurement

Colour plays a key role in food choice, preference and acceptability, 
and can even influence taste threshold, perception of sweetness and 
palatability (Clydesdale, 1993; Kays, 1999). In fresh-cut apples, 
browning of the cut surface, monitored by BI, is often the factor that 
limits shelf life and marketability (Soliva-Fortuny et al., 2003), affecting 
the quality and ultimately the consumer acceptability (Wu et al., 2012).

Colour measurements carried out on the apple cylinders indicated a 
progressive browning process during the storage, irrespective of the 
applied temperature (Table 1). Such changes, which could be related to 
the strong activity of polyphenol oxidase (PPO) enzymes promoted by 
the cutting process and the continuous contact of the internal tissues 
with oxygen (Soliva-Fortuny et al., 2003), were instrumentally visual
ised by the CIELAB colour space values and the calculated indices ΔE 
and BI. Specifically, a progressive decrease in L* and b* and an increase 
in a* were observed in all the stored apple cylinders, with significant 
differences (p ≤ 0.05) always calculated between fresh samples and 
samples stored for 14 or 16 days (Table 1). Browning, a key indicator of 
spoilage (including senescence and microbial growth) in fresh apple 
cylinders (Chen et al., 2016), has been effectively monitored by 
brightness (L*) (Cantos et al., 2012; Rocha & Morais, 2003). Our results 
demonstrate this, with a significant decrease (p ≤ 0.05) in L* from 84 ±
2 to 70 ± 3 (4 ◦C), 64 ± 1 (10 ◦C) and 62 ± 1 (15 ◦C), correlating with 
increased browning during the storage. These trends have already been 
observed in fresh-cut apples (Rojas-Graü et al., 2008; Soliva-Fortuny 
et al., 2005; Volpe et al., 2019; Zambrano-Zaragoza et al., 2014) and can 
be attributed to a continuous increase in browning pigments. Indeed, an 
increase in the b* value in the first days has been found to be directly 
correlated with the perception of browning in several fruits and vege
tables (Xing et al., 2010), but, as found in this work, b* values in the long 
term seemed to be unrelated to the extent of browning in fresh-cut ap
ples (Rocha & Morais, 2003). Similarly, the effect of enzymatic 
browning on a* and L* values in apples has been frequently observed 

(Xing et al., 2010; Chen et al., 2018). It is important to note that the 
browning of fresh-cut apples is strongly related to phenolic metabolism 
enzymes. Most studies considered that this browning occurs because of 
the reaction between the related enzymes and substrates. The most 
important enzymes are PPO (Cantos et al., 2002; Duan et al., 2007). As 
enzymatic browning progresses, the resulting phenolic oxidation prod
ucts can irreversibly interact with the amino and sulfhydryl groups of 
proteins, leading to the formation of complexes that reduce the nutri
tional quality of apples and inhibit the activity of proteolytic and 
glycolytic enzymes (Chen et al., 2015) and affect the colour of the 
product. According to the CIELAB colour space values, the total colour 
variation expressed as BI and ΔE increased during storage, with a sig
nificant effect attributed to the applied temperature. The lower storage 
temperature (4 ◦C) is shown to slow down the browning by 22 % 
compared to samples stored at a higher temperature (15 ◦C). In fact, 
samples stored at 15 ◦C reached values above the critical limit of 70 
(Kumar et al., 2018) after 1 day of storage, while samples stored at 4 ◦C 
reached this critical value after 7 days.

3.3. Chemical properties

The chemical properties of fresh-cut apple cylinders were investi
gated by TPC, TAC and vitamin C content (Table 1).

Specifically, the initial samples were characterised by a TPC of about 
79 ± 3 mgGAE*gdm-1, which increased to values of 84 ± 8, 102 ± 6 and 
134 ± 5 mgGAE*gdm

− 1 after 1 day of storage at 4, 10 and 15 ◦C, respec
tively. These results seem to be within the range reported in the litera
ture for the apples belonging to the cultivar ‘Gala’ (Francini & 
Sebastiani, 2013; Wang et al., 2015) and further confirm that apples are 
an important source of phenolic compounds. Storage time and temper
ature appear to have a significant (p ≤ 0.05) effect on the TPC of the 
investigated samples. Specifically, TPC always decreased during the first 
days of storage, followed by a progressive increase. Such trend, which 
was observed regardless of the applied storage temperature, has already 
been reported by others (Lattanzio et al., 2001; Ma et al., 2019; Matthes 
& Schmitz-Eiberger, 2009; Veberic et al., 2010) and might be due to a 
progressive desiccation and respiration of the apple slices, which went 
through a concentration of the polyphenols naturally present within 
their tissues (Zhang et al., 2024). In addition, as a climacteric fruit, 
apples are harvested before reaching full ripeness and allowed to ripen 
during storage (Siddiqui et al., 2015). Furthermore, minimal processing, 
especially apple cutting, leads to increased levels of total phenolic 
compounds (TPC) (Saxena et al., 2009). This accumulation of phenolics, 
antioxidants crucial for fruit quality and human health (Scalbert & 
Williamson, 2000), is thought to be a cellular response to injuries and a 
means of enhancing disease resistance (Murata et al., 1995; Son et al., 
2000). In terms of storage temperature, higher temperatures are usually 
associated with higher metabolic activity (Ma et al., 2019). The values of 
TAC followed a similar trend to TPC. Indeed, an initial decrease followed 
by an increase was observed in each treatment, irrespective of the 
storage temperature applied (Table 1). This observation is in line with 
previously published data (Reyes & Cisneros-Zevallos, 2003; Sacchetti 
et al., 2008; Tappi et al., 2018), which also showed a strong correlation 
between polyphenol content and antioxidant activity, with evolutionary 
trends strongly influenced by storage temperature, time and packaging 
technology (Heredia & Cisneros-Zevallos, 2009; Lattanzio et al., 2006; 
Reyes & Cisneros-Zevallos, 2003). It is also possible that the increase in 
antioxidant activity observed after 5 days is due to the oxidation of 
catechins, yielding procyanidins (e.g. trimers) characterised by 
enhanced antioxidant properties (Di Mattia et al., 2013; Nicoli et al., 
2000). A similar trend of an initial increase followed by a decrease in 
antioxidant activity was also observed by Sacchetti et al. (2008), who 
studied the oxidation of processed apple products and concluded that 
both, the oxidation process and the polyphenol concentration, may be 
involved in the increase in antioxidant activity during the storage.

However, while TPC showed a high variability over time, changes in 
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Table 1 
Over-time evolution of quality indices (L*, a*, b*, ΔE, BI, TAC, TPC, vit. C and PARAFAC components ratio C1/C2) of fresh-cut cylinder apples stored at different 
temperatures. Values are expressed as mean ± SD of three independent replicates. Different letters indicate significant differences (p ≤ 0.05) during storage time for 
each temperature.

Time (days)

Quality Index T 
(◦C)

0 1 3 5 7 9 12 14 16

L*

4
83.63 ±
0.06d

79.93 ±
1.58cd

75.75 ±
0.36bc

73.06 ±
1.45ab

72.67 ±
0.34ab

72.44 ±
0.34ab –

70.39 ±
0.89a

69.69 ±
3.24a

10
83.63 ±
0.06f

76.55 ±
0.22e

75.18 ±
0.52de

72.77 ±
0.29cd

71.86 ±
0.38c

70.45 ±
0.30bc 68.62 ± 0.67b 63.26 ±

1.30a –

15
83.63 ±
0.06d

75.47 ±
0.45c

72.29 ±
0.79bc

67.95 ±
1.11ab

65.75 ±
0.90a 64.27 ± 0.49a 63.95 ± 0.27a 63.35 ±

0.29a –

a*

4 − 9.70 ±
0.11a

− 7.27 ±
0.24b

6.49 ±
0.15bc

6.11 ±
0.33bc

5.41 ±
0.31cd

− 5.13 ±
0.56cd –

4.19 ±
0.83de

− 3.47 ±
0.90e

10
− 9.70 ±
0.11a

− 6.35 ±
0.22b

− 5.89 ±
0.52bc

− 4.72 ±
0.30bc

− 4.24 ±
0.30c

− 4.54 ±
0.38c

− 2.01 ±
0.67d

− 1.25 ±
1.31d –

15
− 9.70 ±
0.11a

− 6.27 ±
0.45b

− 4.15 ±
0.79c

− 2.47 ±
0.79cd

− 1.71 ±
0.50d

− 1.75 ±
0.90d

− 1.27 ±
0.27d

− 0.81 ±
0.30d –

b*

4 34.47 ±
0.98a

35.19 ±
0.76a

43.77 ±
0.85b

41.47 ±
0.84b

43.73 ±
1.34b 41.40 ± 0.44b –

43.73 ±
0.48b

44.02 ±
1.47b

10 34.47 ±
0.98a

39.45 ±
0.82b

42.55 ±
1.29bc

41.36 ±
0.50bc

40.30 ±
0.18b 43.81 ± 0.83c 41.03 ±

2.42bc
40.31 ±
1.21b –

15
34.47 ±
0.98a

44.43 ±
1.46d

44.26 ±
0.11d

44.26 ±
0.12d

42.11 ±
1.26cd

38.89 ±
1.16bc 38.48 ± 1.13b 39.88 ±

0.80bc –

ΔE

4 0.00 ± 0.00a 6.32 ±
0.33b

12.87 ±
1.15c

13.49 ±
1.33c

14.50 ±
0.79cd

15.07 ±
0.44cd –

17.35 ±
0.73de

18.19 ±
2.01e

10 0.00 ± 0.00a 9.56 ±
0.77b

12.60 ±
1.18bc

14.02 ±
0.60cd

14.33 ±
1.80cd

17.02 ±
0.65de 18.18 ± 0.81d 22.93 ±

2.14e –

15 0.00 ± 0.00a 13.47 ±
1.07b

16.18 ±
2.72bc

19.72 ±
0.95cd

21.14 ±
2.72d 21.73 ± 1.81d 22.07 ± 1.39d 22.54 ±

1.72d –

BI

4
41.31 ±
1.92a

48.39 ±
2.30a

71.51 ±
1.33b

74.37 ±
4.59b

73.61 ±
4.54b

78.41 ±
2.52bc –

84.43 ±
1.71d

87.93 ±
2.65d

10
41.31 ±
1.92a

62.04 ±
1.20ab

86.71 ±
2.77c

73.19 ±
1.06ab 72.31 ± 10ab 84.51 ± 2.95b 82.15 ± 7.13b 91.45 ±

6.01b –

15 41.31 ±
1.92a

75.66 ±
4.32b

80.02 ±
6.56bc

92.93 ±
2.12e

91.89 ±
8.05cd

84.52 ±
2.14bcd

85.20 ±
2.12bcd

88.33 ±
3.99cd –

TAC 
(mg trolox * 
gdm
¡1)

4 3.49 ±
0.08bc

3.06 ±
0.18abc

3.23 ±
0.21abc 3.65 ± 0.38c 3.42 ±

0.36bc 2.87 ± 0.26a – 2.73 ± 0.32a 3.48 ±
0.37bc

10 3.49 ± 0.08a 2.97 ±
0.82a 2.29 ± 0.51a 3.22 ± 0.32a 2.77 ± 0.32a 2.44 ± 0.42a 3.14 ± 0.12a 5.46 ± 0.12b –

15 3.49 ± 0.08b 3.41 ±
0.13ab

3.31 ±
0.22ab 7.40 ± 0.82d 6.08 ± 0.24c 4.12 ± 0.34b 3.91 ± 0.41b 2.43 ± 0.52a –

TCP 
(mg GAE * 
gdm
¡1)

4 79.13 ±
2.68bcd

59.02 ±
5.82ab

51.85 ±
2.78a

64.02 ±
7.01abc

64.23 ±
5.00abc

77.01 ±
8.99abcd –

84.95 ±
7.80cd

92.80 ±
7.75d

10 79.13 ±
2.68bc

74.85 ±
3.04ab

99.02 ±
4.01b

94.85 ±
4.99ab

94.05 ±
8.00ab 63.95 ± 8.02a 82.11 ±

5.85ab
102.01 ±
5.88b –

15
79.13 ±
2.68a

80.10 ±
7.89a

95.68 ±
6.81a

90.01 ±
4.85a

96.04 ±
4.00a

141.02 ±
4.89b

127.085 ±
7.86b

134.05 ±
4.95b –

Vit.C 
(vit. C * g dm

¡1)

4 0.10 ± 0.01d 0.09 ±
0.01cd

0.069 ±
0.03c

0.04 ±
0.003b

0.02 ±
0.01ab 0.01 ± 0.00ab –

0.02 ±
0.00ab

0.01 ±
0.00a

10 0.10 ± 0.01c 0.07 ±
0.03bc

0.061 ±
0.00b

0.04 ±
0.003ab

0.03 ±
0.01ab 0.02 ± 0.01a 0.02 ± 0.01a 0.01 ± 0.01a –

15 0.10 ± 0.01a 0.07 ±
0.09a

0.061 ±
0.04a

0.05 ±
0.023a 0.02 ± 0.01a 0.02 ± 0.02a 0.02 ± 0.01a 0.01 ± 0.01a –

C1/C2

4 2.94 ± 0.87b 2.82 ±
0.43ab

1.74 ±
0.22ab

1.56 ±
0.22ab

1.46 ±
0.37ab 1.41 ± 0.33a – 1.32 ± 0.32a 1.22 ±

0.17a

10 2.94 ± 0.87c 1.71 ±
0.09ab 1.81 ± 0.37b 1.46 ±

0.16ab
1.59 ±
0.28ab 1.52 ± 0.16ab 1.18 ± 0.11a 1.25 ± 0.03a –

15 2.97 ± 0.87b 1.59 ±
0.14ab

1.55 ±
0.33ab

1.24 ±
0.09ab 1.26 ± 0.08a 1.57 ± 0.39ab 0.99 ± 0.15a 1.11 ± 0.15a –
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TAC appeared to be more limited and significant differences were only 
detected for apple cylinders stored at 10 ◦C. This observation suggests, 
on the one hand, the importance of phenolic compounds in determining 
the antioxidant activity of apple slices and, on the other hand, that other 
compounds such as malic acid and ascorbic acid may be involved in 
explaining the antioxidant effect (Stanger et al., 2017).

Different results were obtained for the vitamin C content. Specif
ically, vit. C values of around 0.10 ± 0.01 mgVit C*gdm

− 1 were recorded at 
time 0, decreasing to values of 0.009 ± 0.002 (4 ◦C), 0.008 ± 0.001 
(10 ◦C) and 0.007 ± 0.001 (15 ◦C) mgVit C*gdm

− 1 These observations, 
which are consistent with the data reported in literature (Saba & Sogvar, 
2016), can be explained by a progressive degradation of the vit. C 
resulting from the phenol oxidase and ascorbate oxidase activities 
(Salunkhe & Kadam, 1998). In this sense, it is interesting to observe how 
higher storage temperatures can lead to higher enzymatic activity, 
explaining the lower content of Vit. C recorded at the end of the storage 
in apple cylinders stored at higher temperatures. These data are in line 
with previous studies carried out on several fruits and vegetables such as 
fennel, purslane, broccoli, lemon, pear, mandarin and apple (Amodio 
et al., 2014; Valentino et al., 2023a, Valentino et al., 2023b). Ascorbic 
acid is indeed extremely thermolabile (Llano et al., 2016), as observed in 
the present study, where its content decreased by 30 % in samples stored 
for one day at 10 and 15 ◦C, while a significantly lower degradation (10 
%) was observed in samples stored at 4 ◦C during the same period. As a 
nutritional indicator, only the results for the vitamin C content were 
used for developing mathematical kinetic models.

3.4. Mathematical models and kinetic constants

Pseudo-zero order or pseudo-first order kinetic models were alter
natively calculated to describe the variation of the investigated quality 
parameters over the total storage time. Correlation coefficients and 
estimated model errors were therefore used to define the most appro
priate mathematical model. The pseudo-first-order kinetic model (Eq. 5) 
proved to be the best model to approximate the variation of the C1/C2 
PARAFAC components ratio, L*, a* and vit. C content, while the pseudo- 
zero order kinetic model (Eq. 4) gave the best fit to describe the evo
lution of BI and ΔE (Table 2; Fig. 3). Regression analysis was not applied 
to TAC and TPC, as the data for these parameters appeared to be char
acterised by high variability and lack of a clear temporal evolution trend 
(section 3.3). Similarly, data for the b* parameter were not processed as 
a lack of model fit was observed at higher storage temperatures. Spe
cifically, b* values increased during the first storage period and showed 
a rapid decrease after about 7 days of storage.

The pseudo-zero-order kinetic model was shown to fit the tri- 
dimensional fluorescence data (EEM) well. This information appears 

to be in perfect agreement with the study carried out by Cohen et al. 
(1998). In particular, the fluorescence data in that study were well 
described by a pseudo-zero order model and a high correlation (R2 =

0.97) was found between the fluorescence signal and the amount of 
hydroxymethylfurfural (HMF) measured in apple juices subjected to 
thermal processing (Cohen et al., 1998). The difference of the results 
could be due to the higher complexity of the product (apple juice), as 
well as to the less standardised studied phenomena (non-enzymatic 
browning). Similarly to the C1/C2 PARAFAC component ratio, the 
pseudo-first-order kinetic model appeared to describe well the decrease 
in L* and increase of a* value observed during the storage (Fig. 3 B and 
C).

Kinetic constants computed for L* in the present study were lower 
than those measured for fresh-cut ‘Red Delicious’ apples (4.15 day− 1) 
stored at 4 ◦C for 18 days (Zambrano-Zaragoza et al., 2014). These 
differences might be explained by the presence of peel in the study 
conducted by Zambrano-Zaragoza et al. (2014), which was instead 
removed in the present study. Peel can indeed act as protective, reducing 
light penetration and therefore retarding the browning process 
(Mattelmäki & Matthews, 2009).

The pseudo-zero order model fitted the BI and ΔE data well, as 
shown in Fig. 3 (C, D), with R2 values ranging between 0.600 and 0.927 
(Table 2). By comparing the kinetic models of fresh-cut apples with 
other fruits, e.g. pineapple (Chutintrasri & Noomhorm, 2007) and 
kiwifruit (Maskan, 2001; Mohammadi et al., 2009), it was shown that 
the variation of the ΔE and BI parameters was best described by pseudo- 
zero order mathematical models. It should be emphasised that colour 
change is a parameter mainly intrinsic to each food (Sanchís et al., 
2016), suggesting that different values of the kinetic constants can be 
easily obtained as a function of different fruits. Differences in process 
parameters (time, temperature, treatment) and storage conditions (time, 
temperature) could introduce further variability (Datta, 2008; Valentino 
et al., 2023a; Valentino et al., 2023b).

Finally, the pseudo-first-order kinetic model (Eq. 5) was used to 
describe the decrease in vitamin C content observed during the storage 
at different temperatures (Fig. 3E). The kinetic constants obtained with 
this model ranged from 0.169 to 0.412 day− 1 (Table 2) and increased 
with increasing temperature. Pseudo-first-order kinetic has already been 
used to describe the variation of vitamin C content occurring in fennel 
during the storage (Valentino et al., 2023a).

One way to quantify the effect of temperature on spoilage is to apply 
the Arrhenius equation (supplementary information 3). The effect of 
different storage temperatures was therefore studied for the ratio of C1/ 
C2 PARAFAC components, colour parameters (L*, a*, BI and ΔE) and 
vitamin C content. Application of the Arrhenius equation showed that 
C1/C2 was strongly affected by the storage temperature, with an 

Table 2 
Results (kinetic constants (k day− 1, average ± standard deviations), and model parameters (R2; mean squared error (MSE); root mean squared error (RMSE)) of the 
mathematical models used to estimate colour (L*, a*, ΔE, BI), vitamin C content and PARAFAC components ratio C1/C2 along the storage of fresh-cut apples at 
different temperatures.

Quality 
attribute

Model k (day− 1) R2 MSE RMSE

4 ◦C 10 ◦C 15 ◦C 4 ◦C 10 ◦C 15 ◦C 4 ◦C 10 ◦C 15 ◦C 4 ◦C 10 ◦C 15 ◦C

C1/C2 First order 
kinetic

0.043 ±
0.246

0.063 ±
0.205

0.067 ±
0.268

0.661 0.748 0.610 0.185 0.169 0.324 0.430 0.411 0.569

L* First order 
kinetic

0.011 ±
0.027

0.016 ±
0.028

0.018 ±
0.051

0.913 0.935 0.865 3.682 4.026 11.772 1.919 2.006 3.431

a*
First order 
kinetic

0.054 ±
0.105

0.109 ±
0.095

0.236 ±
0.106 0.928 0.924 0.968 0.483 0.922 0.598 0.695 0.960 0.774

ΔE
Zero order 
kinetic

0.967 ±
0.258

1.209 ±
0.609

1.174 ±
0.801

0.903 0.893 0.768 6.175 8.393 21.548 2.485 2.897 4.642

BI Zero order 
kinetic

2.697 ±
0.166

2.426 ±
0.658

2.024 ±
0.212

0.927 0.645 0.600 3.497 1.856 14.040 5.882 13.624 12.808

Vit. C content First order 
kinetic

0.142 ±
0.011

0.161 ±
0.013

0.169 ±
0.032

0.951 0.924 0.696 0.000 0.000 0.001 0.011 0.012 0.031

M. Valentino et al.                                                                                                                                                                                                                              Food Chemistry 492 (2025) 145385 

7 



activation energy (Ea) value of 27 kJ*mol− 1. To the best of the authors' 
knowledge, there is no work in the literature on the determination of Ea 
for fresh-cut apples using fluorescence spectroscopy. Similar results 
were obtained for L* and a* with an Ea of 33 and 30.7 kJ*mol− 1, 
respectively. The values of Ea of BI and ΔE were instead 17 and 12 
kJ*mol− 1. Higher values of Ea are reported in the literature for pine
apple puree (78 kJ*mol− 1; Chutintrasri & Noomhorm, 2007) and fennel 

(kJ*mol− 1; Valentino et al., 2023a). The prediction of the temperature 
effect depends on the specific product and the type of storage (Sanchís 
et al., 2016), which is why the values reported in the literature differ 
from those in this study. It should not be overlooked that the products 
studied were sliced and stored, with significant variations reported in 
the final product quality (Baldwin et al., 1995; Valentino et al., 2020). 
Lower Ea values (10 kJ*mol− 1) were obtained for the vitamin C content 

Fig. 3. Kinetic models used to describe fluorescence index (A), L* (B), a* (C), BI (D), ΔE (E), and vitamin C content (F) during storage time at different temperatures.
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(Fig. 4F). Similar results were obtained for minimally processed fennel 
stored at the same temperature (Valentino et al., 2023a). Ea assumed 
higher values for L* and a* parameters (about 30 kJ*mol− 1) and lower 
values for ΔE and BI (about 15 kJ*mol− 1), indicating that L* and a* 
parameters were more sensitive to temperature variations compared to 
the other studied parameters. Comparing the kinetic constants obtained 
as a function of storage time, it can be highlighted that the values of the 
kinetic constants are higher for the colour parameters BI and ΔE, 
showing that they are the main quality parameters influenced by the 
storage time (Soliva-Fortuny et al., 2003). Indeed, for ΔE the critical 
value of 5 (Mokrzycki & Tatol, 2012) was exceeded by all samples after 
1 day of storage, so the indicator was not able to discriminate among 
samples. However, it should be mentioned that the limit of 5 is related to 
the capacity of consumers to discriminate among different colours, and 
not to the global acceptability of the colour.

3.5. Limit of acceptability for fluorescence spectroscopy index

As shown in section 3.4, BI appeared to be the main quality 
parameter affected by the storage time (Table 2). Previous studies 
conducted on fresh-cut apples have identified the browning parameter 
as a critical factor that directly affects the shelf life and the consumer 
acceptability of fresh-cut fruit (Ali et al., 2024; Chen et al., 2016; Kumar 
et al., 2018; Perez-Gago et al., 2003; Schuh et al., 2020). Therefore, BI 
was selected as the reference variable, and a value of 70 was identified as 
the discriminator between high-quality and low-quality fruits (Kumar 
et al., 2018). According to the mathematical model constructed on our 
data (Fig. 3E), such a value was reached after 7, 3 and 1 days for apple 
cylinders stored at 4, 10 and 15 ◦C, respectively. Therefore, a correlation 
analysis between BI and the C1/C2 PARAFAC components ratio was 
performed with the aim of extrapolating critical information contained 
in the fluorescence data (Fig. 4). A correlation coefficient (r > 0.90 and 
R2 = 0.92) was calculated and the critical value of C1/C2 was predicted 
to be 1.79, which corresponded to a BI critical value of 70. Therefore, the 
estimated shelf life at the reference temperature for fresh-cut apples 
using the non-destructive indicator was computed to be 4.6 days with an 
activation energy of 27 kJ*mol− 1.

4. Conclusion

PARAFAC analysis carried out on the fluorescence landscape of 
fresh-cut apples suggested the presence of five different fluorescence- 
sensitive regions, which were conserved among samples stored in 
different conditions. Time and temperature were found to strongly in
fluence colour changes (L*, a*, BI and ΔE) and vitamin C, but not TPC 
and TAC. The quality indicator of the identified PARAFAC-resolved 
front-face fluorescence spectra was the C1/C2 ratio, which was corre
lated with the critical destructive indicator BI. Correlating the non- 
destructive method with the destructive method, the shelf life of fresh- 
cut apples was estimated to be 4.6 days and a critical fluorescence 
value (C1/C2) of 1.79 was computed.

The present study clearly demonstrates that fluorescence can be used 
as a non-destructive and reliable method to assess the quality of fresh- 
cut apple slices during the storage. The fluorescence method, a non- 
invasive and non-destructive technique, can therefore be a useful tool 
for fresh-cut apples, assisting the market and the whole chain to confirm 
quality and shelf life of the products. Consequently, it was concluded 
that fluorescence could be satisfactorily used for real-time and in-line 
monitoring of fresh-cut apple quality, aiming to reduce waste gener
ated by minimal processing in the apple industry.
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