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Abstract: Substitution of frozen-thawed food products for fresh ones is a significant authenticity
issue being extensively investigated over the past few years by various conventional methods, but
little success has been achieved. Fluorescence spectroscopy is a sensitive and selective spectroscopic
technique that has been widely applied recently to deal with various food quality and authenticity
issues. The technique is based on the excitation of certain photosensitive components (known as
fluorophores) to fluoresce in the UV and visible spectral ranges. Fluorescence spectroscopy can be
performed to obtain simple classical two-dimensional fluorescence spectra (excitation/emission),
synchronous or three-dimensional excitation—emission matrices (excitation/emission/fluorescence
signal). The technique can be used in front-face or right-angle configurations and can be even
combined with hyperspectral imaging, requiring the use of multivariate data analysis to extract
useful information. In this review, we summarize the recent progress in applications of fluorescence
spectroscopy to differentiate truly fresh foods from frozen-thawed products. The basics of the
technique will be briefly presented and some relevant examples, focusing especially on fish and
meat products, will be given. It is believed that interdisciplinary collaboration between researchers
working with data analysis and spectroscopy, as well as industry and regulatory authorities would
help to overcome the current shortcomings, holding the great promise of fluorescence spectroscopy
for fighting food fraud in the food industry.

Keywords: seafood; meat; spectroscopy; excitation/emission; freshness; fraud; quality change;
freezing; fluorophores

1. Introduction

Freshness is an important quality parameter for foods that are highly perishable,
such as fish and meat products. To maintain the quality/freshness of such products, a
wide range of traditional and innovative preservation and processing strategies has been
applied [1-10]. Freezing is still the most common method used to retain freshness and
extend the shelf life of many foods, including fish and meat and their products. However, it
is well-established that freezing, frozen storage, and the following thawing process lead to
some deteriorative quality changes, such as damage in cell structure, protein denaturation,
texture, color, among others [11-13]. Although multiple novel freezing solutions [14-18]
have been developed in recent years in order to reduce the damage caused by freezing
and protect the sensory and nutritional quality of frozen foods, many consumers still
prefer fresh products, and labeling frozen-thawed products as fresh is therefore illegal and
considered as fraud [19-21].

To detect changes occurring during freezing, frozen storage, and thawing, and to dis-
criminate fresh from frozen-thawed products, well-established traditional techniques, such
as enzymatic methods and histological techniques, have been widely employed [22-27].
Other techniques based on sensory attributes and changes in proteins and physicochemical
properties (such as electrophoretic analysis, protein and lipid oxidation, volatile com-
pounds, water-holding capacity) have been also presented in recent publications [21,28-30].
Nevertheless, most of these techniques are destructive and not suitable for online appli-
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cations. Therefore, there is a pressing need to move forward and to start thinking about
alternative methods of determining the quality and authenticity of food products.

To respond to this need, a variety of emerging analytical techniques have been de-
veloped to overcome limitations associated with traditional methods [31-43]. Among
the new techniques, spectroscopic ones have received a special attention and tested for
a wide range of applications [2,20,44—46]. Indeed, the yearly number of publications on
the use of spectroscopic techniques in the field of food quality and authenticity has tripled
(increased from 57 to 171) during the last decade (Figure 1). Likewise, the number of
citations has increased dramatically, going up from nearly 1000 citations in 2010 to more
than 5000 in 2020. Several spectroscopic techniques have been used to differentiate fresh
from frozen-thawed foods. These include visible and near-infrared spectroscopy [47-55],
Fourier-transform infrared (FTIR) spectroscopy [56-58], and Raman spectroscopy [59,60].
These techniques have become even more interesting following the recent development
of hyperspectral imaging (HSI). HSI has gained much attention over the past few years
due to its ease of implementation in industrial settings as well as its capacity to combine
spectroscopy and imaging in one system [61-72].
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Figure 1. Publications and citations number of scientific articles reporting on the use of spectroscopic techniques for the

study of food quality and/or authenticity. Information taken from the database Scopus, with search criteria: Article title;
spectroscopy AND Article title, Abstract, Keywords; food quality OR Article title, Abstract, Keywords; food authenticity.
The data were obtained in June 2021.

Fluorescence spectroscopy is a sensitive and selective spectroscopic technique that
has undergone significant advancement in recent years due to, among other factors, the
development of instrumentation and chemometric tools. Numerous studies have demon-
strated that the technique can be applied as an effective method for detecting fraud and
verifying authenticity in a wide range of food products [73-79]. As can be seen from
Figure 2, the number of published papers and citations on the use of fluorescence spec-
troscopy for studying food quality and/or authenticity has increased exponentially during
the last decade.
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Figure 2. Publications and citations number of scientific articles reporting on the use of fluorescence spectroscopy for
studying food quality and/or authenticity. Information taken from the database Scopus, with search criteria: Article
title, Abstract, Keywords; fluorescence spectroscopy AND Article title, Abstract, Keywords; food quality OR Article title,
Abstract, Keywords; food authenticity. The data were obtained in June 2021.

The use of spectroscopic techniques for classification, authentication, and fraud de-
tection in several food categories (e.g., milk, meats, oils, coffee, and juice) was reviewed
in a general manner [80]. In another review paper [19], the focus was placed on fish and
seafood products. Recently, we reviewed the application of conventional and spectro-
scopic techniques to detect fraudulent practices in food products of animal origin [20]. In
these three review papers, the topic of discrimination between fresh and frozen-thawed
food was addressed as a part of various other authenticity issues (such as substitution of
species, production method, origin, etc.). Another review paper was proposed with the
objective to report on the use of enzymatic, histological, and other traditional methods,
as well as spectral techniques in conjunction with chemometric tools for the detection
of frozen-thawed muscle food [21]. However, to date no review paper has been found
in the literature that specifically and exclusively reports on the potential of fluorescence
spectroscopy to distinguish this kind of fraud (i.e., labeling frozen-thawed food as fresh).
More recently, an extensive and inspiring review paper has been published by Anna C.
Croce to provide a general overview of the application of fluorescence in living organisms,
including microorganisms, plants, and animals [81]. This review paper will provide an up-
dated overview of practical applications of fluorescence spectroscopy in a specific research
area, namely the discrimination between fresh and frozen-thawed foods, with a special
focus to be placed on studies dealing with seafood and meat products, published over the
last few years.
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2. Principles and Fundamentals

Fluorescence refers to the emission of light by the sample (a substance or a molecule
of interest) following the absorption of ultraviolet and visible light (usually from 200 to
800 nm). The technique is known to be highly sensitive, selective, and suitable for many
matrices and purposes [37,78,79]. Fluorescence spectroscopy depends on the presence
of molecules, called fluorophores (or lumiphores) in foods that emit the fluorescence.
Several well-known fluorophores such as reduced nicotanamide adenine dinucleotide
(NADH), tryptophan, collagen, vitamins (especially vitamin A and vitamin B2 or riboflavin,
containing conjugated double bonds), and Maillard reaction products (resulting from the
reaction of sugars with proteins) have been widely investigated in studies reporting on fish
and meat. Each of these fluorophores has its own excitation/emission wavelength. Table 1
shows the characteristics of food-relevant intrinsic fluorophores that are commonly used in
fluorescence studies. The focus in this review paper will be placed on endogenous (intrinsic)
fluorophores (auto-fluorescence), although exogenous (extrinsic) fluorophores can also be
used to label non-fluorescent or weak fluorescent samples or to stain cells. Fluorescence
spectroscopy can be used in two main geometries; right-angle or front-face modes. The
right-angle mode (i.e., collection of fluorescence at 90° to the incident excitation light.) is
typically selected for diluted and clear samples, whereas front-face mode is performed
by collecting the fluorescence off the front surface (the angle is less than 90°) of the solid
samples [73,82]. In modern fluorometers, the angle between excitation and emission beam
paths is easily changeable.

Table 1. Examples of fluorescence properties of relevant fluorophores (or luminophores) in muscle foods.

Foods Fluorophores Acquisition Mode  Excitation/Emission (nm) HSI References
NADH and molecules
Pork loins produced by microbial Classical 365, 405/420-730 + [83]
catabolism

Red drum .

(Sciaenops ocellatus) Tryptophan Classical 283/300-400 - [84]
Sea bass Tryptophan, NADH, . g .

(Dicentrarchus labrax) riboflavin Classical 290, 340, 380/305-650 [85]

Large Yellow Croaker .
(Pseudosciaena crocea) Tryptophan Classical 295/300-410 - [86]
Pork slices Porphyrin Classical 420/550-750 - [87]
Lutefisk/cod N‘?IDH and other Classical 365/400-1000 + [88]

uorophores

Cod caviar paste Lipid oxidation products Classical 382/410-750 - [89]

. Auto-oxidation and .
Cod caviar paste photo-oxidation products Classical 382/400-700 - [90]
Pork loins Tryptophan Classical 295/300-400 - [91]

Red sea bream .
(Pagrosomus magor) Tryptophan Classical 280/300-400 - [92]
Several fish species - Classical 365/438-718 + [93]
Horse m.acker.el Arorr}atlc.amm.o acids, EEM 250-800,/250-800 ) [94]

(Trachurus japonicus) nucleic acids, pigments

Horse mackerel ATP and other intrinsic EEM 250-800,/250-800 - [95]

fluorescence compounds
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Table 1. Cont.
Foods Fluorophores Acquisition Mode Excitation/Emission (nm)  HSI References
Horse mackerel ATPand its breakdown EEM 250-800,/250-800 - [96]
derivatives
Adenylate energy charge
Horse mackerel and NADH EEM 250-800/250-800 - [97]
Spotted mackerel Various fluorophores EEM 250-800,/250-800 - 98]
(Scomber australasicus)
Coonstripe shrimp
(Pandalus hypsinotus) ATP-related compounds EEM 250-700/250-700 - [99]
Japanese dace Aromatic amino acids, g g }
(Tribolodon hakonensis) uric acid EEM 200-600/220-600 [100]
Japanese dace Aromatic amino acids, EEM 200-380,/270-470 - [101]
uric acid
Argentine hake
(Merluccius hubbsi) Tryptophan, NADH EEM 250-400/260-600 - [102]
Tryptophan, NAD(P)H,
Beef vitamin A, porphyrins, EEM 200-900/200-900 - [103]
flavins
Tryptophan, NAD(P)H,
Beef vitamin A, porphyrins, EEM 200-500/200-900 - [104]
flavins
Amino acids, NADH,
Beef collagen, and advanced EEM 200-500/210-650 - [105]
Maillard products
Pork slices Tryptophan and EEM 200-900/200-900 - [106]
NAD(P)H
Beef Vitamins, collagen, Synchronous 210,450/ AN =75 - [107]

oxidation products

EEM: Excitation—emission matrix, HSI: Hyperspectral Imaging, ATP: Adenosine triphosphate, NAD(P)H: Nicotinamide adenine dinu-

cleotide (phosphate).

A Jablonski diagram is often used to better interpret the phenomenon of fluorescence.
Indeed, this diagram illustrates the electronic energy levels of a fluorophore and the transi-
tions that occur between the different electronic and vibrational states upon the absorption
of excitation light and the following emission of fluorescence [108]. The molecules are
usually at the lowest vibrational energy level of the singlet electronic ground state Sy. The
process starts with the absorption of the appropriate energy (electromagnetic radiations),
which occurs fast (in less than 1071 s), provoking the transition from the Sy to one of
the various excited electronic states (S; or Sy). Then, vibrational relaxation (or internal
conversion) can occur within 10713 to 10~ s, moving the excited molecule to the lower
vibrational state (Sq). After this internal conversion from S; to Sq, an additional vibrational
relaxation occurs within Sy, relaxing the molecule into the lowest vibrational level of S;.
Next, depending on the time, the molecule can return to one of the various vibrational
levels of the ground electronic state, emitting fluorescence (within 10719 t0 10~ s) or fur-
ther vibrational relaxations and intersystem crossing can occur at longer times (more than
107 s), leading to another phenomenon related to fluorescence, called phosphorescence
(Figure 3). The main difference between fluorescence and phosphorescence is that the
fluorescence occurs within singlet states (spin-allowed transition) on time scales much
shorter than phosphorescence occurring between singlet and triplet states (a spin-forbidden
transition) [77,79,108,109].
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In most muscle food studies, fluorescence is characterized by wavelength and intensity
(which will be the focus of this review paper), but other applications related to lifetime and
polarization can also be found in the literature [79,81,108]. Several fluorescence types can
be distinguished, but the excitation-emission spectrum is the most commonly used. In this
two-dimensional classical type (or traditional, single-scan method), fluorescence intensity
can be shown in a two-dimensional plot as a function of a fixed excitation wavelength
(emission scan) or a fixed emission wavelength (excitation scan). Fluorescence excitation
spectrum of a fluorophore is close to its absorption spectrum, while the emission spectrum
is shifted to longer wavelengths than the excitation spectrum, due to Stokes shift (the
difference between the position of the band maxima of the absorption and emission spectra).
For example, to obtain the emission spectrum of tryptophan, the excitation wavelength is
often fixed at 290 nm and the emission fluorescence is collected between 305 nm and 420 nm.
Despite the simplicity of this fluorescence type, it is used for fluorescence monitoring when
the scanned sample is known to contain only one single fluorophore. However, it is well-
established that most food products are considered complex multi-fluorophore systems
due to their content of several fluorophores. Therefore, other fluorescence spectroscopic
methods have been suggested and investigated in recent years. Synchronous fluorescence
spectroscopy is performed by scanning both the excitation and emission wavelengths
simultaneously and a constant wavelength interval AA is kept between them. Thus, the
synchronous fluorescence spectroscopy is a plot of the variations in fluorescence intensity
as a function of either the emission wavelength or the excitation wavelength for a fixed AA.
Although technique is advantageous over the conventional classical methods, being able to
characterize several fluorophores from a single measurement, rare studies have applied
this technique [73,76].
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Figure 3. Jablonski diagram illustrating the fluorescence and phosphorescence process [108,109].

Most importantly, three-dimensional excitation-emission matrices (EEM), also known
as fluorescence fingerprint or fluorescence landscape have been widely investigated re-
cently, enabling the simultaneous detection of multiple fluorophores. EEM spectra are
obtained by acquiring the emission spectra at multiple excitation wavelengths. Thus,
EEM spectra consist of all the excitation and emission spectra over the scanned range
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of wavelengths and can be presented as a three-dimensional plot, with the fluorescence
intensity (Z-axis) plotted as a function of both the excitation (X-axis) and the emission
(Y-axis) wavelengths. One drawback related to this measurement mode is the long time
(usually between 30 and 40 min depending on the measurement parameters) required to
record spectra, although the modern fluorometers are capable of collecting EEM spectra in
a much shorter time range. One of the main limitations of the aforementioned techniques
is the high dependence of the spectra on composition and the physical properties of the
analyzed samples. Indeed, the heterogeneity of most food matrices, especially muscle foods
such as fish and meat, requires both spectral and geometric information to be obtained.
Therefore, in recent years, spectroscopic techniques have been further expanded into hy-
perspectral imaging (HSI) [63,110,111]. HSI allows acquiring a full spectrum for every
pixel of an image, giving three-dimensional data (two spatial and one spectral dimensions)
simultaneously. Moreover, the technique is rapid, non-destructive, and can be compatible
with applications in industrial settings, such as monitoring products on a conveyer belt
(Figure 4). In recent years, significant evolution and development in HSI have been seen in
terms of image-sensing modes (e.g., interactance, diffuse reflectance, and transmittance),
detector performance, illumination sources, and data analysis and algorithms. In addition
to HSJ, a simplified version, called multispectral imaging, generating a smaller number of
spectral bands compared to HSI, has also been extensively used in recent years [112,113].
Although there has been a surge in the use of this technique with infrared and Raman spec-
troscopy [114,115], little has been published regarding the use of hyperspectral fluorescence
imaging technique, and no study has been published yet about the use of fluorescence
spectroscopy in EEM mode coupled with HSI.

Diffuse reflectance ' E HSI camera 3 . Interactance mode

mode

Sample illuminated with
diffuse light

Conveyor belt ‘

——g . E—

e ——

T o N O

Sample illuminated with

two parallel light lines

Figure 4. Hyperspectral imaging (visible and near-infrared) operating in diffuse reflectance and interactance mode [2,45].
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3. Examples of Applications

Traditional methods, based on the changes in color, texture, and other physicochemical
properties (e.g., lipid and protein oxidation) have been widely applied. Histological mea-
surements are among the most used conventional methods that describe changes in muscle
structure and microstructure. Several studies reported shrinkage and appearance of spaces
between fibers and the formation of ice crystals and large gaps between muscle fibers
during freezing and frozen storage [22,24]. Numerous studies investigated the possibility
of using chromatographic techniques and mass spectrometry methods to discriminate
between fresh and frozen-thawed fish and meat [23,40,116]. Enzymatic techniques, elec-
trophoretic approaches, and other biochemical parameters have been widely applied to
achieve this purpose [117-119]. Table 2 shows examples of some of these techniques
and approaches.

Table 2. Examples of the main conventional methods used to differentiate fresh from frozen-thawed
muscle foods and to examine quality changes occurring during freezing.

Food Method References
Carp (Cyprinus carpio) Histology and other traditional methods [22]
Atlantic salmon (Salmo salar), . .
Bullet Tuna (Aucxis rochei) High resolution mass spectrometry [23]
Salmon Histology [24]

Lipid and protein oxidation, and other

Chicken physicochemical measurements [120]
(Diceni’iiciizslabmx) Texture, color, pH, moisture [85]
Octopus (Eledone cirrhosa) Chromatography and mass spectrometry [116]
Sea bass Electrophoretic techniques [117]
Multi-parameter approach:
b Consmmtensofproans nudeordesnd
a-D-glucosidase specific activity
Chicken Enzymatic method [119]
Largemouth bags . Protein oxidation and [121]
(Micropterus salmoides) microstructure changes, among others
Pork patties Lipid and protein oxidation, among others [122]
Pork patties Thermal stability and structural changes [123]

in proteins

However, these targeted methods cannot be applied for a large number of samples,
and the modern food industry requires analytical techniques that are rapid and can be
used online of the production, such as spectroscopic techniques. Most of these techniques
are characterized by fast and robust performance, low requirements for sample prepara-
tion, high throughput, and low cost [124,125]. The basic idea behind the application of
spectroscopic methods to discriminate between fresh and frozen-thawed muscle foods is
modifications in the optical characteristics (i.e., absorption and scattering) of the muscle
tissue upon freezing, frozen storage, and thawing. The following section will present some
examples that show the potential of different methods of fluorescence spectroscopy in
this context.
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Classical two-dimensional single-scan fluorescence spectroscopy was used to discrim-
inate between fresh and frozen-thawed sea bass fillets based on the emission spectra of
tryptophan, NADH, and riboflavin [85]. The position of the maximum peak of emission
varied as a function of the storage conditions of the samples (fresh, chilled/frozen, or
frozen/chilled). Canonical correlation analysis showed high correlations between fluores-
cence data and some physicochemical traditional measurements. Factorial discriminant
analysis (a multivariate method that allows the testing of hypotheses) was performed to
compare the discriminant ability of each fluorophore, and the results showed that 85.90%
of the samples were correctly classified when using the fluorescence of tryptophan. Even
more promising results were obtained using NADH and riboflavin (88.46%), while the
best results were obtained when the factorial discriminant analysis was applied to the
concatenated emission spectra of these fluorophores, giving a correct classification rate of
about 95%. Laser-induced fluorescence is a variant of fluorescence spectroscopy where
the usual lamp excitation is replaced by a laser source. This technique was applied us-
ing laser light at 266 nm for the excitation and scanning fluorescence between 400 and
800 nm to discriminate between fresh, chilled, and frozen-thawed chicken [126]. Three
emission peaks were observed at 440, 535, and 700 nm and were attributed to the amino
acids, collagen, and porphyrin, respectively. Laser-induced red fluorescence intensity was
higher for fresh chicken samples compared to the frozen ones, indicating a decrease in
the porphyrin levels during the frozen storage. On the contrary, the fluorescence intensity
of collagen was higher in the frozen samples, confirming tenderness and texture cohe-
sion changes during freezing and storage. PCA showed good discrimination between
the three groups of samples, which was validated by measuring the optical absorption
and scattering coefficients by an integrating sphere and modeled by a combination of the
Beer-Lambert law and the Kubelka-Munk model. In another study, the fluorescence of
the myofibrillar protein of largemouth bass (Micropterus salmoides) was used to investigate
changes in protein oxidation and microstructure after 3 freezing and thawing cycles [121].
Emission spectra of tryptophan were obtained between 300-400 nm after excitation at 280
nm. The results showed a shift of the maximum emission of tryptophan (around 330 nm)
to shorter wavelengths (blue shift) in the frozen samples compared to the fresh ones. In
addition, a decrease in the fluorescence intensity was observed in the frozen samples due
to the formation of ice crystals during the freezing process, leading to protein aggregation
and tryptophan residue embedding. The authors demonstrated that the use of herring
antifreeze protein minimizes the frozen-thawed damage and maintains the stability of
the tertiary conformation of the proteins more effectively. However, it should be stressed
that the fluorescence spectra in this study were obtained on the extracted proteins, which
implies more time for the extraction step and the following measurements.

To evaluate the tertiary structure changes in proteins of pork patties with different fat
addition under freeze-thaw cycles, two-dimensional classical fluorescence spectra were
recorded in the wavelength range between 300-400 nm after excitation at 283 nm [123].
In this study, the maximum emission of tryptophan was shifted to longer wavelengths
(red shift) after 5 freeze-thaw cycles. This red shift was explained by the exposure of
tryptophan residues to the polar environment when subjecting the patties to multiple
freeze-thaw cycles. Moreover, a significant decrease in fluorescence intensity was observed
with increasing freeze-thaw cycles due to protein partial unfolding. In a previous study,
protein structure changes in porcine longissimus muscle induced by multiple freeze-thaw
cycles were evaluated by various methods, including fluorescence spectroscopy [127].
Again, a red shift in the maximum emission peak of tryptophan and a decrease in the
fluorescence intensity were observed in the frozen-thawed samples compared with the
fresh ones (control), which was explained by protein unfolding and a possible oxidation
of tryptophan.
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It should be stressed that the use of fluorescence spectroscopy in two-dimensional
classical mode (at only one excitation wavelength) limits its potential since most of the
food matrices contain various fluorophores that should be excited at different wavelengths.
Therefore, the fluorescence spectroscopy in most of the previously discussed studies was
used as a complementary tool. Interestingly, the use of fluorescence spectroscopy in the
EEM mode has been accelerated in recent years in muscle foods and other food products.
This technique allows overcoming the aforementioned limitation by operating over a
broad wavelength range, thus enabling the detection of several fluorophores simultane-
ously [97-99]. For example, fluorescence spectra in EEM mode, recorded at the wavelength
range of 250-800 nm for both the excitation and the emission were obtained on horse
mackerel (Trachurus japonicus) to evaluate the freshness of frozen whole fish and fillets,
and different traditional freshness indicators (K, Ky, P, H, G, and log¢oG) were estimated
on the same samples [96]. Various spectral pre-treatment schemes (including normaliza-
tion, smoothing, and derivatives that were applied to reduce random noise and improve
the measurement sensitivity) and multivariate analyses (partial least squares regression
models built on original and pre-treated datasets) were investigated to find the most
effective combinations of excitation-emission wavelengths that enable building robust
multivariate calibration models. The developed algorithm showed that the excitation
wavelength at 390 nm gives the highest prediction accuracy of the different freshness indi-
cators. Similar results were obtained on the same fish species using the same fluorescence
method [94,95,97,98]. Recently, EEM fluorescence spectra, collected in the wavelength
range of 250-700 nm for both the excitation and the emission light were used to evaluate
changes in post-mortem freshness of frozen shrimp [99]. In this study, excitation at the
wavelength of 330 nm and emission wavelength range of 380-610 nm were found to be
the most efficient to build partial least squares regression models of pH and K-value in
frozen shrimp. Most interestingly, the selected excitation and emission wavelengths were
used to visualize the spatial-temporal distribution of these freshness indices (i.e., pH and
K-value) as influenced by the post-mortem ice storage period. The technique was also used
to observe changes in protein of pork patties during frozen storage [122]. As for fish and
other seafood, the spectra of meat showed also a decrease in the fluorescence intensity
and a shift in the emission maximum in the frozen samples, compared to the fresh ones.
The results were explained by protein aggregation, oxidation, and the exposure of the
tryptophan residues and their polar environment caused by freezing impact.

When EEM spectra are collected, pre-treatment techniques, decomposition methods
such as parallel factorial analysis (PARAFAC), methods for selecting the most effective
feature-related excitation and emission wavelengths and other advanced statistical methods
are necessary to extract information from such a multi-way complex dataset. The PARAFAC
model is usually used to decompose the fluorescence data into several components, cor-
responding to the distinct fluorophores present in the samples. For example, PARAFAC
algorithm was applied recently on EEM to establish a rapid and non-destructive approach
for evaluation of beef freshness [105]. In this study, the PARAFAC modeling successfully
decomposed the EEM spectra into three factors where the factor 1 primarily showed the
peaks of amino acids and collagen, the factor 2 represented the conjugated Schiff base,
whereas the factor 3 demonstrated the fluorescence of NADH and vitamins. In another
study, sparse regression, which is a common approach used in various scientific settings as
a feature selection technique, was employed on EEM spectra for selecting relevant excita-
tion and emission fluorescence wavelengths [128]. The models were successfully tested
for predicting the count of viable bacteria on the surface of porcine meat and predicting
freshness of frozen fish.

Another challenge related to fluorescence spectroscopy, especially the EEM technique,
is the lack of standard protocols for measurement conditions. A quick look at the literature
reveals considerable variability in terms of spectra acquisition settings such as excitation
and emission wavelength range, slit band pass and bandwidth, step increment, and scan
speed and integration time. A typical EEM scans the sample across the excitation wave-
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lengths from about 200-800 nm, and across the emission wavelengths from 250-800 nm.
Over this wide excitation and emission wavelength range, many fluorophores (e.g., aro-
matic amino acids, NADH, nucleic acids, pigments, vitamins, collagen, and oxidation
products) can be covered. The band pass slits on both the excitation and the emission side
is an important parameter that directly affects the fluorescence intensity and refers to the
physical slit size at the entrance and exit of a monochromator of a fluorometer instrument.
The step increment represents spacing between two adjacent measurement points, while
the integration time determines the measurement speed. All the aforementioned parameter
should be selected carefully in order to optimize the signal-to-noise ratio.

4. Challenges and Future Trends

Differentiation between fresh and frozen-thawed food products is a topic of great
interest, not only to food researchers but also to consumers, food technologists, and gov-
ernmental authorities. A wide range of varieties of conventional and unconventional
techniques has been investigated for this purpose with varying degrees of success. Al-
though fluorescence spectroscopy has shown promising potential to tackle the problem
of fraud related to frozen-thawed food products sold as fresh, some challenges are still
unresolved and need to be addressed in order to reach the implantation stage of this
technique in the food industry.

First, important amounts of data are usually generated from fluorescence spectroscopy
measurements that must be efficiently preprocessed and transformed in order to extract
the maximum useful information from these complex data. Thus, the development of
new fluorescence analytical method, or more generally a new spectroscopic technique,
should synchronize with the advance in data preprocessing and processing strategies.
Recently, a new generation of chemometric tools based on artificial intelligence, particularly
machine learning techniques, multi-block data analysis, and data modeling approaches
have emerged and gained significant emphasis.

Second, it should be highlighted that the effect of various experimental conditions
used in the published studies must be taken into consideration. This huge variability either
related to instrumentation (acquisition mode, integration time, etc.) or to the scanned
samples (different sizes and shapes of samples) makes a direct comparison of the differ-
ent published results quite challenging. Therefore, future studies should focus on the
standardization of measurement settings, guidelines, instruments, calibration procedures,
and data analysis. Third, the findings of the review reveal the widespread application of
hyperspectral imaging with the traditional spectroscopic techniques, but limited attention
has been paid to the hyperspectral fluorescence imaging technique. If calibrations and
corrections are quite straightforward and often performed automatically in lab commer-
cial spectrofluorimeters, these procedures become more complex under distant probing
conditions (as in the case of hyperspectral fluorescence imaging), which might explain the
scarcity of hyperspectral fluorescence imaging studies. Extensive and widespread use of
this technique in practical applications requires much more research and development as
well as and continuous innovations. Another interesting avenue for future research is to
study the possibility of transferring such technology to novel applications by developing
different miniaturized and robotic analytical techniques, smart sensors, and autonomous
analytical platforms.

Finally, to enhance the analytical power of spectroscopic techniques, close collab-
oration between the different actors involved in this field, including particularly food
industry companies, data analysts, spectroscopists, robotics and sensors developers, and
regulatory authorities, will provide interesting perspectives on further opportunities of
these techniques.
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5. Conclusions

Unceasing efforts have been made to establish a reliable method of detection of frozen-
thawed food products. In this review, we have shed some light on the recent progress
made in this context. Fluorescence spectroscopy seems to be a powerful tool to achieve
this goal. In particular, in the last years, the development of hyperspectral imaging has
given a new impulse, not only to fluorescence spectroscopy but also to other spectroscopic
techniques. However, additional research efforts are still required to overcome the few
limitations of fluorescence spectroscopy, develop more robust analytical procedures, and
find new applications in the food industry. It is expected that more collaboration between
different disciplines will take place in the coming years, leading to the rapid acquisition of
data and real-time monitoring, the emergence of more advanced and flexible fluorometers,
and miniaturization of instrumentation for portable use.
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