
Contents lists available at ScienceDirect

LWT - Food Science and Technology

journal homepage: www.elsevier.com/locate/lwt

Smart technique for accurate monitoring of ATP content in frozen fish fillets
using fluorescence fingerprint

Mario Shibataa,1, Gamal ElMasryb,c,1, Keisuke Moriyaa, Md. Mizanur Rahmana, Yuki Miyamotoa,
Kazuya Itob, Naho Nakazawaa, Shigeki Nakauchib, Emiko Okazakia,∗

a Department of Food Science and Technology, Tokyo University of Marine Science and Technology, 4-5-7 Konan, Minato, Tokyo 108-8477, Japan
bDepartment of Computer Science and Engineering, Toyohashi University of Technology, Toyohashi, Aichi, Japan
c Suez Canal University, Faculty of Agriculture, Agricultural Engineering Department, Ismailia, Egypt

A R T I C L E I N F O

Keywords:
Excitation emission matrix
Frozen fish fillet
Post-mortem quality
ATP
Nondestructive method

A B S T R A C T

The aim of the present study was to develop a fast and nondestructive method based on fluorescence fingerprints
(FFs) to predict the ATP content in frozen fish meat frozen at early stages after death using fillets of horse
mackerel (Trachurus japonicus) as a model. Fifty-six fish were sacrificed instantly, stored in ice for different
periods (0–48 h), and then filleted and frozen. The fluorescence fingerprints of the frozen fillet samples were
acquired using fluorescence spectrophotometer with fiber probe installed inside a freezer. Subsequently, the
ATP-related compounds of the same samples were determined using HPLC. Finally, four different models based
on partial least squares (PLS) were developed to predict ATP contents from HPLC and the FFs data. The best PLS
model with a correlation coefficient (R2) of 0.88 and root mean square error estimated by cross validation
(RMSECV) of 0.97 μmol/g was obtained when the most important combinations of excitation-emission wave-
lengths were used for prediction. This methodology offers a simple and rapid approach to detect the ATP
contents in frozen fish nondestructively without thawing the sample during the assessment that could be applied
during any stage of fish marketing, facilitating quality control activities and the determination of fishery market
price.

1. Introduction

In the fish muscle, a series of chemical and autolytic changes that
involve enzymes occur during post-mortem metabolism, for instance,
adenosine 5′-triphosphate (ATP) is sequentially hydrolyzed to break-
down products and phosphate (Hong, Regenstein & Luo, 2017). Because
the degradation of ATP indicates changes in the fish meat in terms of
freshness and quality, deep freezing (≤−30 °C) is a method of long-
term preservation, which is useful to the fishing industry, for keeping
the original quality as well as the ATP content unchanged (Burgaard &
Jørgensen, 2010). Frozen fish with high ATP content exhibit a high
tolerance to protein denaturation and muscle discoloration during
frozen storage (Inohara, Kimura, & Yuan, 2013). Moreover, fish (such
as Atlantic salmon, cod, and mackerel) that are frozen in the pre-rigor
stage retain good quality with high ATP content, and better color and
meat texture than the fish, which are frozen in the post-rigor stage
(Skjervold et al., 2001; Einen, Guerin, Svein Olav Fjæra, & Skjervold,
2002; Cappeln & Jessen, 2001; Fukuda, Tarakita, & Arai, 1984).

In commercial tuna fishing, different types of fish (dead and alive)
are often hauled onto the deck after day long fishing using long lines,
and most fish are immediately frozen at ultra-low temperatures
(−60 °C) in the ship (Inohara et al., 2013). Some species are stored in
ice for several hours/days on a fishing vessel and then frozen, upon
arrival at the landing center. This makes it difficult to distinguish dead
catch and alive catch in the frozen state, with respect to quality, by the
naked eye. In the fish markets of Japan, the price of frozen tuna is
empirically determined based on the color and degree of shrinkage of
the caudal region after rapid thawing, since high shrinkage (thaw-rigor)
indicates the presence of high ATP levels, and it appears that these fish
are frozen in the pre-rigor stage, which increases the market prices
(Okazaki, 2009). Furthermore, the rapid thawing of ATP-replete frozen
fish may cause muscle contraction, which reduces the quality of the fish
(Peters et al., 1968; Einen et al., 2002). Consideration on the treatment
methods such as thawing conditions suitable to the fish materials will
be paid depending on their ATP content. Thus, real-time measurement
of ATP levels is strongly desired from the viewpoint of fishery-related
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industries and food distribution.
However, conventional chemical methods for determining ATP

concentration or changes in ATP levels are more complex because of
space and time limitations and the destructive nature of the technique.
Thus, the development of a simple, rapid, reliable, non-invasive, and
selective method for the detection of ATP without thawing the sample is
challenging. Although there are some fast and destructive methods
utilizing paper strips and luminescence for the detection of ATP (Drew
& Leeuwenburgh, 2003; Hattula & Wallin, 1996), these methods are not
suitable for the accurate monitoring of ATP levels in frozen fish meat
because ATP breakdown begins immediately after thawing.

Techniques based on fluorescence spectroscopy appear to fulfill the
requirements imposed by the fisheries sector for providing critical in-
formation on quality during the different stages of food production and
in regulatory affairs.The method of the fluorescence fingerprints (FFs),
which is also called excitation-emission matrix (EEM), is based on re-
peated records of emission signals for multiple numbers of excitation
wavelengths. The technique has been demonstrated in specific pieces of
work for the prediction of the freshness of frozen fish (ElMasry et al.,
2015; ElMasry, Nakazawa, Okazaki, & Nakauchi, 2016), detection of
microbial spoilage (Oto et al., 2013; Yoshimura et al., 2014), and es-
timation of the levels of various constituents (Dufour, Frencia, & Kane,
2003; Engelen, Møller, & Hubert, 2007).

A few previous studies using fluorescence spectroscopy have ex-
amined the freshness of frozen horse mackerel samples, which were
previously stored in a refrigerator at 4 °C until 12 days based on several
indices of freshness (K, K1, P, G, H-values) (ElMasry et al., 2015;
ElMasry et al., 2016). However, the implicated fluorescent compounds
(such as ATP-related compounds), which were related to the indices of
freshness, could not be specified and the fish bodies in which ATP was
almost depleted, were treated. Therefore, the present study was aimed
at specifically examining the ATP content in horse mackerel fillet (as a
model) to know the early post-mortem quality of frozen fish by using a
fast and nondestructive method of detection based on fluorescence
spectroscopy and multivariate analyses. This is the first study to in-
vestigate the use of a fluorescence spectroscopy technique for detecting
ATP contents in frozen fish at a very early post-mortem stage.

2. Materials and methods

2.1. Samples

Assuming the frozen fish meat with different storage period after

death and different ATP content, the samples of horse mackerel
(Trachurus japonicus) (20.07 ± 0.53 cm and 132.60 ± 9.81 g of
average body length and weight, respectively) were used in this study
as a model sample. Alive fish were transported to the laboratory from
the fish store (Tokyo, Japan). Fifty-six fish were sacrificed instantly by
spinal cord destruction and stored in ice for different periods (0, 0.5, 1,
1.5, 2, 3, 4, 5, 6, 7, 8, 12, 24, and 48 h) to prepare different ATP content
among the samples. After chilled storage, the fish were beheaded,
gutted, filleted and packed individually in vacuum packs. Afterward,
the fillet samples were quickly frozen in an air blast freezer and kept at
−30 °C until the FF measurements. FF measurements were then per-
formed directly for the frozen fillet samples. Once the fluorescence
spectra were acquired, the samples were repacked and kept frozen at
−60 °C to maintain original quality until the determination of ATP-
related compounds. Four samples were prepared for each storage con-
dition (n=4).

2.2. Instrumental configuration for acquiring fluorescence spectra

To alleviate the effect of environmental conditions during mea-
surements, fluorescence fingerprints (FFs) of the frozen fillet sample
were acquired inside the freezer (SC-DF25; Twinbird Corp., Niigata,
Japan) at −30 °C without thawing the samples. All the measurements
were performed in a dark room using a fluorescence spectrophotometer
(F-7000; Hitachi High-Tech Science Corp., Japan) equipped with an Y-
type fiber optic probe as shown in Fig. 1. Each frozen sample was po-
sitioned in the middle of the freezer. The optical fiber probe was held
2mm above the sample to capture its fluorescence spectrum. The
fluorescence intensity was measured by scanning the excitation wave-
lengths from 250mm to 800 nm at 10 nm steps, and detecting the
emission intensities at 10 nm intervals between 250 and 800 nm. For
both excitation and emissions, the slit width was adjusted at 20 nm,
with scan speed at 30,000 nm/min. The resulting FF spectra were three-
dimensional matrix: excitation wavelength λEx, emission wavelength
λEm and fluorescence intensity F that contains information about the
concentrations of ATP and the other intrinsic fluorescence compounds.

2.3. Extraction of ATP from frozen meat

After the acquisition of FFs of all the frozen fillet samples, their
corresponding ATP contents were determined according to the method
described by Ehira and Uchiyama (1986). First, cylindrical subsamples
(1 cm in diameter) were cut using a rotary saw from the same locations

Fig. 1. Measurement system of fluorescence fingerprint of frozen fish samples inside a mini-refrigerator with a Y-type fiber optic probe.
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at which the FFs were acquired. To avoid any possible degradation in
the samples, the process of dissecting the subsamples was entirely
conducted inside a cooling chamber at 4 °C and the cutting tools were
kept cold using dry ice. To extract ATP and its derivative forms, the
frozen pieces of about 5 g were homogenized in 15ml of 10% cold
solution of perchloric acid using a rotary homogenizer (Model PT
10–35 GT; Kinematica AG, Lucerne, Switzerland). Then, the whole
homogenate was centrifuged at 2000× g for 3min at 4 °C. After col-
lecting the supernatant, 5% perchloric acid was added to the precipitate
and it was centrifuged again. The pH of the collected supernatant was
adjusted at 6.4 by adding potassium hydroxide. The supernatant was
diluted with deionized water in a 50mL volumetric flask, and then the
solution was frozen and stored at −60 °C.

2.4. Measurement of ATP content by HPLC

The concentrations of ATP and its breakdown compounds such as
ADP (adenosine 5′-triphosphate), AMP (adenosine 5′-monophosphate),
IMP (inosine 5′-monophosphate), HxR (inosine) and Hx (hypoxanthine)
in the samples were quantified using the high-performance liquid
chromatography (HPLC) system according to the method reported by
Maeda et al. (2007). After being thawed at 4 °C, the extracted solutions
were passed through a 0.45 μm syringe membrane filter. Next, 5 μl of
them were injected in the HPLC (LC-10 series; Shimadzu Corp.). A
stainless steel column (15 cm length× 4.6mm internal diameter, Sho-
dexC18M4D; Showa Denko K.K., Japan) was used for separation of the
compounds. The mobile phase was a buffer of pH 6.8 of 0.13M trie-
thylamine, 0.20M acetonitrile, and 0.13M phosphoric acid with a flow
rate of 0.8 ml/min. The UV adsorption of the eluent was monitored at
260 nm. The chromatographic peak of ATP and its breakdown products
were calibrated by injecting known concentrations of the ATP, ADP,
AMP (Oriental Yeast Co. Ltd., Japan), IMP, HxR (Junsei Chemical Co.
Ltd., Japan), and Hx (Wako Pure Chemical Inds. Ltd., Japan) standards.
After obtaining all of the ATP metabolites from HPLC, the freshness
index (K-value) was also calculated using the following equation ac-
cording to Saito, Arai, and Matsuyoshi (1959):

− =
+

+ + + + +

×K value (%) HxR Hx
ATP ADP AMP IMP HxR Hx

100

2.5. Data analysis

As described in earlier reports of the relevant literature (ElMasry
et al., 2015), non-fluorescence data were cut from the original FFs of
the samples by removing the data with emission wavelengths shorter
than the excitation wavelengths. Also, irrelevant signals resulting from
scattered radiation from the sample surface due to Raman or Rayleigh
scattering were entirely removed. After the masking process, only 1054
wavelength combinations (variables) were retained. The extracted FF
matrices were then transformed into two-dimensional FF data array
with rows representing the samples and columns representing excita-
tion-emission wavelength combinations (variables) considering each
single excitation-emission wavelength combination (Ex-Em pair) as one
variable. In addition, the FF data array was also processed via mean
centering and normalization prior to building the partial least squares
(PLS) models. The normalized fluorescence intensity FN (λEx, λEm) was
calculated by dividing the fluorescence intensity of each excitation-
emission wavelength pair, i.e., F (λEx, λEm) over the fluorescence in-
tensity at emission wavelengths with Δλ = 30 nm longer than the
excitation wavelength (λEx+ 30 nm) using the following equation
(Chang, Chang, & Hsiao, 2013):

=

+

F λ λ F λ λ
F λ λ
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Ex Em
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Four different PLS models (Models I–IV) were developed based on
the selected number of predictor variables from the FF wavelength

combinations and the ATP content as a response variable. The optimum
number of latent factors of each PLS model was determined using ten-
fold cross-validation (ElMasry et al., 2015). In the first model (Model I),
all 1054 wavelength pairs were used as predictor variables. Because the
fluorescence fingerprints were recorded across a range of huge numbers
of Ex–Em wavelength pairs (1054 variables), highly correlated re-
lationship among them possibly occurs. Thus, modeling of the second
model (Model II) was performed with only several wavelength combi-
nations chosen from the 1054 pairs using the filter method proposed by
Nishino et al. (2013). All excitation wavelengths were sequentially
changed and the best Ex-Em wavelength combinations under one ex-
citation wavelength providing the highest R2, the lowest root mean
square error estimated by cross validation (RMSECV) and the least
number of latent factors were nominated as potential variables for ATP
prediction. Furthermore, as an enhancement of Model II, the third
model (Model III) was developed using a wider excitation filter. The
width of the filter was optimized when the highest value of correlation
coefficient (R2) and lowest value of RMSECV with the least number of
latent factors were reached. The fourth model (Model IV) was devel-
oped using only a few discrete wavelength pairs selected within the
wide filter identified from Model III. The searching algorithm devel-
oped in our previous study (ElMasry et al., 2016) was applied to select
the ideal discrete wavelength pairs within the wide filter that gave the
highest prediction accuracy of ATP contents. These specific sensitive Ex-
Em wavelength pairs are supposed to be more related to changes in ATP
content of the examined frozen fillets. All the data analyses were per-
formed with Matlab version 8.0 (The Mathworks Inc., Natick, MA,
USA).

3. Results and discussion

3.1. FF spectra of frozen fillet samples

Fig. 2 shows FFs of the fillet samples with different ice storage time
from 0 to 48 h. The most intense fluorescent peak was located at ex-
citation (λEx) 290 nm, and emission (λEm) 330 nm. This fluorescence
might be generated by combination of aromatic amino acids such as
tryptophan and tyrosine residues of protein and ATP. The same peak
was observed in the previous studies (Dufour et al., 2003; ElMasry
et al., 2015). Moreover, a weaker peak was also observed at Ex. 380 and
Em. 450, which was assigned to NADH by Chang et al. (2013) and
Sádecká and Tóthová (2007). The overall FF profiles showed a slight
change of fluorescence intensity and position of fluorescence peaks with
storage time, which was caused by the change of the fluorophores in the
samples. In other words, the FF signal comprised of the mixture of
different fluorophores, thus multivariate analysis was necessary to ex-
tract the information related to change of ATP content.

3.2. Chemical analyses of frozen fish meat

Fig. 3 (a) and (b) presents ATP concentrations and K-values in
frozen fish samples measured at different ice storage periods within
48 h after death, respectively. Error bars show the standard deviations.
The initial (0 h) ATP concentrations of frozen fish fillets were around
7 μmol/g, and decreased gradually with increasing storage period and
dropped to less than 1 μmol/g after 8 h of ice storage. After this stage,
the ATP content remained less than 0.5 μmol/g until the end of the
storage period (48 h). Results of the present study were closely com-
patible with the results reported by Mishima et al. (2005) investigating
ATP changes in fresh horse mackerel. Corroborative evidence indicated
that the ATP content in raw fish meat decreased rapidly and dis-
appeared within approximately 24 h after death when stored at 0 °C
(Hamada-Sato, Usui, Kobayashi, Imada, & Watanabe, 2005). Therefore,
it was confirmed that the freezing and frozen storage didn't affect lar-
gely the ATP content in the frozen horse mackerel fillets in this ex-
periment. The changes of ATP content in unfrozen fish were considered
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to be attributed to both of the progress of rigor mortis and the occur-
rence of cold shortening by rapid cooling in ice (Ushio, Watabe,
Iwamoto, & Hashimoto, 1991). Thus, this suggested that the degrada-
tion of ATP was revealed to parallel the perceived loss of post-mortem
changes in the pre-rigor stage of not only the raw meat but also the
frozen fish muscle (Olafsdóttir et al., 1997).

In the same line of the results obtained for ATP contents, the K-
values increased very slowly from 0 h to 8 h (nearly 1%) to around 2%
at 24 h. After 48 h of ice storage K-value reached about 5%. Generally,
the rise in K-values observed during this early period of postmortem
(48 h) was very low. Therefore, it was not reliable to predict the
freshness changes of frozen meat over this ice storage period using K-
value. Hence, the change in ATP is expected to be more sensitive and a
trustworthy indicator of the early stage of post-mortem quality change
of fish meat rather than the K-value. During data analysis, the resulting
performance of all PLS models developed for predicting K-values using
fluorescence fingerprints was rather poor (data not shown), which
confirms this concept. Consequently, the results of ATP measurements
demonstrated a high potential of ATP index for the assessment of post-
mortem quality of frozen horse mackerel. After ATP depletion from
fillets, the K-value is believed to be more applicable to predict the
freshness of samples in the rest of the storage life.

3.3. Fluorescence fingerprint analyses for the prediction of ATP content

Fig. 4 depicts the prediction of ATP contents (μmol/g) for the ori-
ginal and normalized FFs using all 1054 excitation-emission wave-
length pairs as predictors. For the original fluorescence data, the model
was established using 11 latent factors with a fit of R2= 0.80. For the
normalized data, the fit of the model improved to R2= 0.84, although
it involved 12 latent factors. Because it would be likely to produce
better PLS model using normalization of FF spectra as the earlier study

Fig. 2. FF spectra of frozen fish fillet samples: (a), (b), (c) and (d) correspond to FFs of the samples stored in ice for 0, 8, 24, 48 h, respectively after being killed by spinal cord destruction.

Fig. 3. ATP concentrations (a) and K-values (b) in frozen fish samples measured at dif-
ferent storage periods within 48 h after death. Each error bar means a standard deviation
(n=4).

M. Shibata et al. LWT - Food Science and Technology 92 (2018) 258–264

261



(ElMasry et al., 2016) indicated, the subsequent models were developed
with fluorescence data preprocessed by normalization.

Table 1 presents the performances of the four different PLS models
in predicting ATP concentrations in the frozen fish samples. The ob-
jective of these analyses was to find the optimal model for predicting
ATP contents in frozen fillets of horse mackerel samples. First, Model I,
in which all 1054 Ex-Em wavelength pairs were used in prediction,
showed R2 of 0.84 and RMSECV of 1.11 μmol/g with 12 latent factors as
previously described. For Model II, the best excitation wavelength was
centered at Ex: 270 nm and the best emission wavelengths under this
excitation were Em: 360–450 nm. Using these Ex-Em wavelength pairs
instead of the full 1054 wavelength pairs (Model I) in predicting ATP
content resulted in a model having 9 latent factors with R2 of 0.73 and
RMSECV of 1.45 μmol/g, which was less fitted than Model I. Thus,
Model III, using a wide filter range of Ex=250–270 and Em=290–490
showed improvement in fit with R2 of 0.81 and RMSE of 1.14 μmol/g
using only six latent factors.

In essence, the recorded fluorescence fingerprints of the frozen fil-
lets contain all possible changes in fluorescence-emitting molecules
‘fluorophores’ during storage before getting frozen. The main features
appeared in the fluorescence fingerprints are mainly dependent on the
changes in concentrations of the major fluorophores released or de-
pleted from the fish. Thus, the fluorescence spectra of the examined
frozen fillet samples have some fluorescence peaks that could be used as
fingerprints that characterize these fluorophores. In general, the aro-
matic amino acids, pigments, fatty acids, nucleic acids and their

breakdowns are the main fluorophores that could be influenced during
the early stage of postmortem and affect the initial freshness conditions
(Sádecká, & Tóthová, 2007). Because the contents of these compounds
are highly related to the early stage of postmortem changes, the re-
corded fluorescence fingerprints could be used competently for pre-
dicting the initial post-mortem quality. It is very interesting to notice
that the wide filter found in this study (Ex=250–270 and
Em=290–490) covers the fluorescence peak of ATP. To elucidate this
finding, a pure ATP solution was scanned in the fluorescence spectro-
meter (under the same setting) and its resulting FF spectrum was
plotted in Fig. 5. It is very obvious to notice that ATP exhibits a clear
fluorescence peak at Ex=250–290 and Em=320–470 with a max-
imum peak centered at Ex=280 and Em=380. This confirms that the

Fig. 4. Prediction of ATP content (μmol/g) in the frozen fillets of horse mackerel using their original and normalized fluorescence fingerprints LF indicates the number of latent variables
in each PLS model.

Table 1
Performances of the four different PLS models in predicting ATP concentrations in the
frozen fish sample.

PLS model Excitation-emission wavelength
combinations

R2 RMSECV
(μmol/g)

LV

Model I Ex: 250–800/Em: 250–800 0.84 1.11 12
Model II Ex: 270/Em: 360–450 0.73 1.45 9
Model III Ex: 250/Em: 290–450, Ex: 260/Em:

300–470
Ex: 270/Em: 310–490

0.83 1.14 6

Model IV Ex: 250/Em: 350, Ex: 260/Em: 340,
Ex: 260/Em: 400,
Ex: 260/Em: 450, Ex: 270/Em: 410
and Ex: 270/Em: 430

0.88 0.97 6

Model I: the model using All 1054 wavelength combinations, Model II: Filter model,
Model III: Wide filter model in which excitation wavelength ranges from 250 to 270 nm,
Model IV: Best discrete model under wide filter. RMSECV and LV mean root mean square
error estimated by cross validation and number of latent variable, respectively in each
PLS model.

Fig. 5. The FF spectrum of pure ATP. The highest peak at Ex=280 and Em=380 is
highlighted.
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most prominent fluorophore that could be tracked to detect the changes
in post-mortem quality in horse mackerel fillet during the early stage of
postmortem is ATP content.

Because choosing a subset of the most efficient emission wave-
lengths under the most efficient excitation wavelengths could improve
the performance of the PLS model, Model IV was developed using only
six discrete excitation-emission wavelength pairs (Ex: 250/Em: 350, Ex:
260/Em: 340, Ex: 260/Em: 400, Ex: 260/Em: 450, Ex: 270/Em: 410 and
Ex: 270/Em: 430) located in the wide filter resulting from Model III. The
searching algorithm identified these particular wavelength pairs to be
the most efficient wavelength pairs in predicting ATP content. These six
variables gave the best fit of the four models, showing the highest R2 of
0.88 and the least RMSECV of 0.97 μmol/g with only six latent factors.
The relationship between the measured and predicted values of ATP
contents resulting from the four models are illustrated in Fig. 6.

Fig. 7 portrays plots of the Ex-Em wavelength pairs identified by
models II, III, and IV over a typical masked FFof a frozen fillet sample.
The FF excludes areas of non-fluorescence and scattering ridges. The
strongest peak was found near Ex: 270/Em: 330 nm, mainly attributable
to tryptophan. This amino acid is known to emit strong fluorescence
signals at this location (Lakowicz, 2007). Moreover, because a FF of
ATP solution exhibited a peak at Ex: 250–290/Em: 320–470 nm
(Fig. 5), the ATP signal was thought to partly overlap with that of
tryptophan (Yoshimura et al., 2014). Consequently, conventional one-
peak fluorescence analysis cannot quantify the ATP content in a sample
containing amino acid such as tryptophan or other aromatic amino
acids, most of which emit fluorescence. This is due to the fact that

fluorescence signals emitted from intact fish represent a combination of
signals emitted by different intrinsic fluorophores (Karoui & Blecker,
2011; Wold & Kvaal, 2000). This explains why six discrete wavelength
pairs were necessary to provide a good prediction model.

The Ex-Em wavelength pairs presented in Fig. 7 were derived from
different approaches (single filter, wide filter or searching algorithm) to

Fig. 6. Measured vs. predicted values of ATP contents using different PLS models with all 1054 Ex-Em wavelength pairs (a), filter method (b), wide filter (c) and six discrete Ex-Em
wavelength pairs LF indicates the number of latent variables in each PLS model.

Fig. 7. Plots of the excitation-emission wavelength pairs identified by model II, III, and IV
over a typical masked FF spectrum of a frozen fillet sample.
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build a robust PLS regression model for accurate prediction of ATP
contents in the frozen samples. The selected wavelength pairs using the
filter method (Model II) included the range determined by the wide
filter (Model III). Moreover, the discrete wavelength pairs selected for
Model IV were located in several spots in the wide filter. As a result, this
model using the selected discrete wavelengths was the best predictive
model for ATP content in frozen fillets. The identified wavelengths
seemed reasonable because they were located near the peak of ATP
(Chang et al., 2013).

Our results revealed that the change of ATP which occurred during
the ice storage periods can be evaluated by FFs measurement at the
frozen state of horse mackerel fillet samples. The level of ATP content in
frozen fish meat shows not only freshness change but also occurrence of
thaw-rigor of fish meat (Imamura et al., 2012). High level of ATP
content of frozen fish meat is one of the factors of thaw-rigor, which
leads to the deterioration of fish meat quality such as drip loss, stiffness
and discoloration after thawing. Imamura et al. (2012) reported that
thaw-rigor occurred in bigeye tuna meat samples containing 7 μmol/g
of ATP although the occurrence of thaw-rigor was suppressed in those
with 3 μmol/g of ATP, which indicated that the difference of approxi-
mately 4 μmol/g in ATP content in fish meat should be measured to
discern the possibility of thaw-rigor in frozen tuna meat samples. The
RMSECV of the prediction models developed in this study ranged from
0.97 to 1.45 μmol/g (Table 1). Thus, the method developed using FFs in
this study could be used to monitor the ATP content to judge the quality
of frozen fish meat. However, the models were constructed from the
data of the fish fillet samples in a single group and also might be af-
fected by other fluorophores in the samples such as NADH fluorescence.
Further study will be needed to validate the selected Ex-Em wavelength
conditions for the prediction models and might improve the prediction
of ATP by considering the effect of the other fluorophores on ATP
measurement.

4. Conclusion

This study was conducted to utilize fluorescence fingerprints of
frozen fish fillets to build different PLS models for predicting ATP
content as an indicator to evaluate the original quality of fillets in an
early stage after death without thawing. After some preprocessing op-
erations applied to the fluorescence fingerprint data, the predictive
models were built with several variable selection methods. The best-
resulting model was established by only six discrete wavelength pairs
identified from a variable selection algorithm with R2 of 0.88 and least
RMSECV of 0.97 with only six latent factors. The proposed method
provides a specific technique to assess ATP contents in frozen fish fillets
nondestructively using a fluorescence spectrophotometer supported
with a fiber optic probe. Although the proposed technique should be
further validated with other groups of horse mackerel fish and/or with
other fluorophores in fillet samples, it showed the sufficient accuracy in
the measurement of ATP content in the fillet samples and would be a
proficient tool that could be used as an integral part in the smart quality
control systems in the fish processing industry and for adjusting pro-
ducts’ price according to their original quality.

Acknowledgments

Authors would like to significantly acknowledge the financial sup-
port by Science and Technology Research Promotion Program for
Agriculture, Forestry, Fisheries and Food Industry 25054C. Also, the
Grant-in-Aid for Scientific Research (JSPS No. 26.03391) provided by
the Japan Society for the Promotion of Science is highly appreciated.

References

Burgaard, M. G., & Jørgensen, Bo M. (2010). Effect of temperature on quality-related

changes in cod (Gadus morhua) during short- and long-term frozen storage. Journal of
Aquatic Food Product Technology, 19(3–4), 249–263.

Cappeln, G., & Jessen, F. (2001). Glycolysis and ATP degradation in cod (Gadus morhua)
at subzero temperatures in relation to thaw rigor. Lebensmittel-Wissenschaft Und-
Technologie-Food Science and Technology, 34(2), 81–88.

Chang, C. Y., Chang, C. C., & Hsiao, T. C. (2013). Fluorescence intrinsic characterization
of excitation-emission matrix using multi-dimensional ensemble empirical mode
decomposition. International Journal of Molecular Sciences, 14(11), 22436–22448.

Drew, B., & Leeuwenburgh, C. (2003). Method for measuring ATP production in isolated
mitochondria: ATP production in brain and liver mitochondria fo Fischer-344 rats
with age and caloric restriction. American Journal of Physiology - Regulatory, Integrative
and Comparative Physiology, 285, R1260–R1268.

Dufour, É., Frencia, J. P., & Kane, E. (2003). Development of a rapid method based on
front-face fluorescence spectroscopy for the monitoring of fish freshness. Food
Research International, 36(5), 415–423.

Ehira, S., & Uchiyama, H. (1986). Determination of fish freshness using K value and
comments on some other biochemical changes in relation to freshness. In D. E.
Kramer, & J. C. Liston (Eds.). Sea food quality determination (pp. 185–207).
Netherlands: Elesevier Science Publisher.

Einen, O., Guerin, T., Svein Olav Fjæra, S. O., & Skjervold, P. O. (2002). Freezing of pre-
rigor fillets of Atlantic salmon. Aquaculture, 212, 129–140.

ElMasry, G., Nagai, H., Moria, K., Nakazawa, N., Tsuta, M., Sugiyama, J., et al. (2015).
Freshness estimation of intact frozen fish using fluorescence spectroscopy and che-
mometrics of excitation–emission matrix. Talanta, 143(1), 145–156.

ElMasry, G., Nakazawa, N., Okazaki, E., & Nakauchi, S. (2016). Non-invasive sensing of
freshness indices of frozen fish and fillets using pretreated excitation–emission ma-
trices. Sensors and Actuators B: Chemical, 228, 237–250.

Engelen, S., Møller, S. F., & Hubert, M. (2007). Automatically identifying scatter in
fluorescence data using robust techniques. Chemometrics and Intelligent Laboratory
Systems, 86(1), 35–51.

Fukuda, Y., Tarakita, Z., & Arai, K. (1984). Effect of freshness of chub mackerel on the
freeze-denaturation of myofibrillar protein. Bulletin of the Japanese Society of Scientific
Fisheries, 50(5), 845–852 (In Japanese).

Hamada-Sato, N., Usui, K., Kobayashi, T., Imada, C., & Watanabe, E. (2005). Quality
assurance of raw fish based on HACCP concept. Food Control, 16(4), 301–307.

Hattula, T., & Wallin, H. (1996). Rapid method based on ATP catabolites for evaluating
the freshness of Baltic herring: Interlaboratory study. Journal of AOAC International,
79(3), 703–706.

Hong, H., Regenstein, J. M., & Luo, Y. (2017). The importance of ATP related compounds
for the freshness and flavour of post-mortem fish and shellfish muscle: A review.
Critical Reviews in Food Science and Nutrition, 57(9), 1787–1798.

Imamura, S., Suzuki, M., Okazaki, E., Murata, Y., Kimura, M., Takahashi, K., et al. (2012).
Prevention of thaw-rigor during frozen storage of bigeye tuna Thunnus obesus and
meat quality evaluation. Fisheries Science, 78(1), 177–185.

Inohara, K., Kimura, I., & Yuan, C. (2013). Suppressive effect of ATP on autoxidation of
tuna oxymyoglobin to metmyoglobin. Fisheries Science, 79(3), 503–511.

Karoui, R., & Blecker, C. (2011). Fluorescence spectroscopy measurement for quality
assessment of food systems ̶ a review. Food and Bioprocess Technology, 4(3), 364–386.

Lakowicz, J. R. (2007). Fluorophores. Principles of fluorescence spectroscopy. New York,
USA: Springer Science & Business Media.

Maeda, T., Yuki, A., Sakurai, H., Watanabe, K., Itoh, N., Inui, E., et al. (2007). Alcohol
brine freezing of Japanese horse mackerel (Trachurus japonicus) for raw consumption.
Transactions of the Japan Society of Refrigerating and Air Conditioning Engineers, 24(4),
323–330.

Mishima, T., Nonaka, T., Okamoto, A., Tsuchimoto, M., Ishiya, T., Tachibana, K., et al.
(2005). Influence of storage temperatures and killing procedures on post-mortem
changes in the muscle of horse mackerel caught near Nagasaki Prefecture, Japan.
Fisheries Science, 71(1), 187–194.

Nishino, K., Nakamura, K., Tsuta, M., Yoshimura, M., Sugiyama, J., & Nakauchi, S.
(2013). Optimization of excitation–emission band-pass filter for visualization of vi-
able bacteria distribution on the surface of pork meat. Optics Express, 21(10),
12579–12591.

Okazaki, E. (2009). Refrigeration of seafood, food refrigeration technology (revised edi-
tion in Japanese) Transactions of the Japan Society of Refrigerating and Air Conditioning
Engineers, 67–109.

Olafsdóttir, G., Martinsdóttir, E., Oehlenschläger, J., Dalgaard, P., Jensen, B., Undeland,
I., et al. (1997). Methods to evaluate fish freshness in research and industry. Trends in
Food Science & Technology, 8(8), 258–265.

Oto, N., Oshita, S., Makino, Y., Kawagoe, Y., Sugiyama, J., & Yoshimura, M. (2013). Non-
destructive evaluation of ATP content and plate count on pork meat surface by
fluorescence spectroscopy. Meat Science, 93(3), 579–585.

Peters, J. A., Slavin, J. W., Lane, J. P., MacCallum, W. A., Laishley, E. J., Dyer, W. J., et al.
(1968). Effect of stage of rigor and of freezing–thawing processes on storage quality
of refrozen cod. Journal of the Fisheries Research Board of Canada, 25(2), 299–320.

Sádecká, J., & Tóthová, J. (2007). Fluorescence spectroscopy and chemometrics in the
food classification-a review. Czech Journal of Food Sciences, 25(4), 159–173.

Saito, T., Arai, K., & Matsuyoshi, M. (1959). A new method for estimating the freshness of
fish. Nippon Suisan Gakkaishi, 24(9), 749–750.

Skjervold, P. O., Røra, A. M. B., Fjæra, S. O., Vegusdal, A., Vorre, A., & Einen, O. (2001).
Effects of pre-, in-, or post-rigor filleting of live chilled Atlantic salmon. Aquaculture,
194(3), 315–326.

Ushio, H., Watabe, S., Iwamoto, M., & Hashimoto, K. (1991). Ultrastructural evidence for
temperature dependent Ca2+ release from fish sarcoplasmic reticulum during rigor
mortis. Food Structure, 10(3), 267–275.

Wold, J. P., & Kvaal, K. (2000). Mapping lipid oxidation in chicken meat by multispectral
imaging of autofluorescence. Applied Spectroscopy, 54(6), 900–909.

Yoshimura, M., Sugiyama, J., Tsuta, M., Fujita, K., Shibata, M., Kokawa, M., et al. (2014).
Prediction of aerobic plate count on beef surface using fluorescence fingerprint. Food
and Bioprocess Technology, 7(5), 1496–1504.

M. Shibata et al. LWT - Food Science and Technology 92 (2018) 258–264

264

http://refhub.elsevier.com/S0023-6438(18)30155-5/sref1
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref1
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref1
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref2
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref2
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref2
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref3
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref3
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref3
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref4
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref4
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref4
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref4
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref5
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref5
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref5
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref6
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref6
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref6
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref6
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref7
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref7
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref8
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref8
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref8
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref9
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref9
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref9
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref10
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref10
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref10
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref11
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref11
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref11
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref12
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref12
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref13
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref13
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref13
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref14
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref14
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref14
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref15
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref15
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref15
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref16
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref16
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref17
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref17
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref18
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref18
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref19
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref19
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref19
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref19
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref20
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref20
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref20
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref20
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref21
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref21
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref21
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref21
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref22
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref22
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref22
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref23
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref23
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref23
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref24
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref24
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref24
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref25
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref25
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref25
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref26
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref26
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref27
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref27
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref28
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref28
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref28
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref29
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref29
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref29
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref30
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref30
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref31
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref31
http://refhub.elsevier.com/S0023-6438(18)30155-5/sref31

	Smart technique for accurate monitoring of ATP content in frozen fish fillets using fluorescence fingerprint
	Introduction
	Materials and methods
	Samples
	Instrumental configuration for acquiring fluorescence spectra
	Extraction of ATP from frozen meat
	Measurement of ATP content by HPLC
	Data analysis

	Results and discussion
	FF spectra of frozen fillet samples
	Chemical analyses of frozen fish meat
	Fluorescence fingerprint analyses for the prediction of ATP content

	Conclusion
	Acknowledgments
	References




