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ABSTRACT
The present study was conducted to characterize fluorophores in the fish body using three-
dimensional fluorescence fingerprints (3D-FFs) and to utilize these 3D-FFs obtained from
frozen horse mackerel (Trachurus japonicus) fillets to predict early post-mortem changes.
Alive fish were sacrificed instantly, preserved in ice until 2 days, and then filleted, vacuum
packed, and frozen. Subsequently, 3D-FFs of the frozen fillets were acquired using F-7000
aided with a fiber probe. Post-mortem freshness changes were tracked by measuring adeny-
late energy charge (AEC) values and nicotinamide adenine dinucleotide (NAD and NADH)
content. Partial least squares regression models for predicting AEC values and NADH content
in frozen fish meat showed good fittings, with R2 of 0.90 and 0.85, by utilizing eight and five
excitation wavelengths, respectively, based on their fluorescence features acquired from
standard fluorophores. This novel approach of 3D-FFs could be utilized as an efficient
technique for at-line monitoring of frozen fish quality.
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Freshness is an important attribute of fish quality, and
the quality of fishery products practically depends on the
initial freshness of raw materials. Especially, highly fresh
fish is very important to the people who are accustomed
to consuming fish meat at raw state. As the fish is an
exceptionally fragile food, deep freezing is crucial for
maintaining the quality of this sensitive aquatic food
product during processing and distribution [1]. Fish
frozen during the early post-mortem stage retains good
quality with better appearance, color, and meat texture
than fish frozen during the later post-mortem stages [2–
4]. In the commercial fish markets of Japan, the quality
and price of frozen tuna are primarily determined based
on the shrinkage and color of caudal meat after rapid
thawing, which is strongly related to the post-mortem
freshness condition of raw fish stimulated during long-
line fishing in the deep sea [5,6]. Because the fish frozen
with prime freshness condition produces good color and
high shrinkage during rapid thawing, which demands
high market price [5]. So, real-time monitoring of early
post-mortem changes is imperative for the frozen fishery
industry during marketing and distribution.

Post-mortem degradation in the fish body is
initiated by chemical and enzymatic changes shortly
after death and these are supposed to be the main
cause of early post-mortem freshness degradation
because the microbial deterioration in fish muscles is

not triggered during short storage period [7]. At the
early stage of post-mortem metabolism, degradation of
adenosine 5′-triphosphate (ATP) is fittingly correlated
with the perceived loss of initial freshness condition
[8]. The main route of ATP degradation in finfish
muscles involves gradual and stepwise dephosphoryla-
tion from ATP to adenosine 5ʹ-diphosphate (ADP)
and then to adenosine mono 5ʹ-phosphate (AMP),
and deamination to inosine mono 5ʹ-phosphate
(IMP). The latter degrades to inosine (HxR) and even-
tually to hypoxanthine (Hx). Besides, ATP is synthe-
sized from ADP and AMP substrates, and the relative
ratio of these adenosine nucleotides (ATP, ADP, and
AMP) is an important indicator of metabolic standing,
which is known as adenylate energy charge (AEC) [9].
AEC is considered as a quantitative measure of energy
status and serves as a sort of barometer because any
aberrant change in AEC is associated with ante-
mortem handling stress and environmental changes
(anaerobic condition), which induce rapid post-
mortem degradation of fish [10,11]. Therefore, mea-
suring AEC index represents one of the important and
insightful diagnostic tools for freshness assessment of
raw and frozen fishery products at the early stage of
post-mortem [10,12,13].

Moreover, the oxidized and reduced forms of
nicotinamide adenine dinucleotide (NAD and
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NADH, respectively) are vital coenzymes that are
correlated with the post-mortem metabolic process.
Upon slaughtering of fish, rapid anaerobic glycolysis
in addition to the transformation of NAD to NADH
or vice versa is initiated [14]. NAD and NADH levels
can influence the muscle texture and color mainte-
nance in fish tissue [15,16]. As ATP degradation and
changes in muscle texture and appearance occur
simultaneously in the fish body [14–16], combined
monitoring of freshness index (AEC values) and
NAD/NADH content can confirm any possible
changes in post-mortem quality at early stage after
death.

However, once raw fish with various post-mortem
quality changes are frozen, it is very difficult to distin-
guish these differences instantly by naked eyes. To
determine the original post-mortem stage of frozen
fish meat, it is necessary to first thaw the fish, followed
by a subsequent assessment of quality using conven-
tional chemical methods, which are tedious, destructive,
and time-consuming. In addition, the rapid thawing of
frozen fish may cause muscle contraction and reduces
the quality of the fish [17]. Therefore, a fast, non-
invasive and non-destructive protocol for quality mon-
itoring of frozen fish meat without the need to thaw is
strongly anticipated from the fishery industry (e.g. tuna)
which is considered as a big challenge.

Over the last two decades, fluorescence spectroscopy
has shown potential for rapid quality analysis of fishery
and other food products [18–20]. Three-dimensional
fluorescence fingerprints (3D-FFs) has been reported as
a rapid technique for monitoring ATP content in pork
and fish meat [21,22], evaluating the scavenging capa-
city of peach extract [23], estimating aerobic plate count
on beef [24,25], sensory quality assessment of tomato
juices [26], characterization of wine [27] and classifica-
tion of shrimp [28]. Recently, 3D-FFs has been
employed for predicting different freshness indices (K,
K1, P, G, H-values) of frozen fish [29,30]. However, the
fluorescence of responsible fluorophores (such as ATP-
metabolites) for obtaining the freshness indices has not
been substantiated, and they speculated freshness
indices using many auto-fluorescents in the fish body,
which are not directly involved in determining those
freshness indices [29,30]. Moreover, these studies have
been conducted using long-term refrigerated (12 days)
raw fish, and consequently, most of the freshness com-
pounds, such as adenine nucleotides (ATP and
NADH), with high fluorescence attributes [31] are
almost depleted during such periods [32–34].

The fish body normally produces two prominent
fluorescent peaks [35], indicating many fluorophores,
and Shibata et al. (2018) [22] predicted the ATP content
focusing on the first fluorescent peak observed in 3D-
FFs. However, the second peak (attributed to NADH)
and other fluorescent peaks were out of consideration
in addition to ATP as ATP content begins to degrade

soon after death, diminishes within few hours, and
simultaneously produces other metabolites. Moreover,
previous studies [22,29,30] attempted to implement
some complicated mathematical manipulations (such
as searching algorithms) to “statistically” determine
the most prominent excitation–emission features, and
then assigned these features to the corresponding fluor-
escent compounds (fluorophores) in fish.

In this study, the hypothesis was to use the fluor-
escence fingerprints of fish fluorophores (ATP-
metabolites and NADH) as potential “markers” for
monitoring the early post-mortem changes in frozen
fish meat based on their fluorescence features.
Accordingly, the present study aimed to first charac-
terize and specify the most important intrinsic fluor-
ophores for monitoring early post-mortem changes
in frozen horse mackerel fillets, previously stored at
0°C up to 48 h, using 3D-FFs as a rapid, nondestruc-
tive, and non-invasive spectroscopic method. This
approach was also emphasized for elucidating the
potentiality of 3D-FFs coupled with chemometrics
analyses for predicting the novel freshness indices,
viz., AEC values and NADH content, in frozen fish
based on their fluorescence features attributed to
post-mortem metabolism.

Materials and methods

Collection and preparation of fish samples

Alive horse mackerel (Trachurus japonicus) fish
(average body length and weight, 20.07 ± 0.53 cm
and 132.60 ± 9.81 g, respectively) were purchased
from a fish store (Tokyo, Japan) and transported in
100-L plastic tanks filled with seawater to the labora-
tory. The fish were instantly sacrificed by spinal cord
destruction and then preserved in ice for 14 different
periods (0, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 12, 24, and
48 h) to prepare different post-mortem quality among
the samples with four fish for each storage period
(N = 56). Then, the fish fillets obtained by processing
the whole fish (by beheading, eviscerating, and fillet-
ing) were packed individually in vacuum packs.
Subsequently, all filleted samples were frozen quickly
in an air blast freezer and maintained at −30°C to
acquire 3D-FFs in the frozen state.

Fingerprinting of fish fillets

Fluorescence fingerprinting expressed as the excitation-
emission matrix (EEM) spectrum of each frozen fish
fillet sample was performed directly inside a small free-
zer (SC-DF25; Twinbird Corp., Niigata, Japan) at −30°C
without thawing the sample. The measurement was
performed in a dark room using a fluorescence spectro-
photometer (F-7000; Hitachi High-Tech Science Corp.,
Japan) aided with an external Y-type fiber optic probe.
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Data were acquired using FL Solutions software version
4.2 (Hitachi High-Tech Science Corp., Tokyo, Japan).
The fiber probe was positioned 2 mm above the frozen
sample to acquire the fingerprint. The fluorescence
spectrum was obtained by scanning both the excitation
(Ex.) and emission (Em.) wavelengths from 250 nm to
800 nm at 10 nm intervals at a slit width adjusted to 20
nm with the scan speed of 30,000 nm/min and only 2–
3 minutes was required to obtain a single spectrum.
Because fluorescence intensity is correlated to the inten-
sity of the excitation light, the detection voltage was
adjusted to 400 V for all acquisitions. The fluorescence
spectra obtained from the samples were three-
dimensional (3D) EEM, i.e. excitation wavelength (λex)
, emission wavelength (λem), and fluorescence intensity
(F), which indicated the concentrations of all intrinsic
fluorophores in the fish body (Figure 1). After acquisi-
tion of the fluorescence spectra, the samples were
repacked and frozen at −60°C to maintain their original
quality until destructive chemical analysis. Moreover,
standard ATP-related compounds, NAD, and NADH
reagents (Oriental Yeast Co. Ltd., Japan) were also
scanned using the same settings of the F-7000 spectro-
photometer to determine their “pure” reference 3D
fluorescence spectra.

Preparation of muscle extract for chemical
analysis

Following the acquisition of fluorescence spectra for all
frozen fillet samples, one muscle portion was dissected
from each frozen fillet for chemical analyses. Muscle
extraction for determining ATP-related compounds
and NAD content was performed according to the
method of Shibata et al. (2018) [19]. First, each frozen
sample was removed from the pack and cylindrical
subsamples (1 cm in diameter) were cut using a rotary
saw from the same locations at which the FF spectra
were acquired. After removing the periphery and dark

muscles, the excised subsamples were then crushed into
tiny pieces using a knife, chisel, and hammer. To main-
tain the original quality of the frozen fish fillets, the
whole process of cutting subsamples, weighing, and
homogenization of muscle was completely performed
inside a cold room (4.5°C), and the cutting tools were
maintained at a low temperature on dry ice during these
processes. Approximately 5 g of the crushed frozen
muscle was immersed in 15 mL of 10% cold solution
of perchloric acid (Wako Pure Chemical Industries Ltd.,
Japan) without thawing and immediately homogenized
using a rotary homogenizer (Model PT 10–35 GT;
Kinematica AG, Lucerne, Switzerland), and the whole
homogenate was centrifuged (Suprema 21; Tomy Seiko
Co. Ltd., Japan) at 4,500 × g for 3 min at 4°C. Next, the
supernatant was collected, and 5% perchloric acid was
added to the precipitate, mixed, and centrifuged again
as mentioned above; centrifugation was performed
three times for each sample. Then, 10 M or 1 M potas-
sium hydroxide was added until the pH of the final
supernatant was adjusted to 6.4. Finally, the supernatant
was diluted with ion exchange water in a 50-mL volu-
metric flask, and the solution was then frozen and
stored at −60°C until ATP-related compounds and
NAD content analysis.

Measurement of AEC index

According to Maeda et al. (2007) [36], adenosine
nucleotides (ATP, ADP, and AMP) and their metabo-
lites such as IMP, HxR, and Hx were determined from
the muscle extracts of frozen fillets using high-
performance liquid chromatography (HPLC). Firstly,
the supernatants containing the muscle extract were
thawed at 4°C and filtered through a 0.45-µm syringe
membrane. Next, 5 μL of the filtrate was injected into
mini vials inserted into the chamber of HPLC
(Prominence; Shimadzu Corp.). A stainless-steel
HPLC column (15 cm length × 4.6 mm internal

Figure 1. Representative FFs of frozen fish fillet (control sample). (a) Original FFs acquired using F-7000 aided with a fiber probe.
(b) Masked FFs after removing scatter light shown in normal fluorescence intensities (0–7000 a.u.). P1, region related to ATP-
metabolites; P2, region related to NADH.
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diameter; Shodex C18M4D; Showa Denko K.K., Japan)
was used for separating individual compounds. A buffer
composed of 0.13 M triethylamine, 0.20 M acetonitrile,
and 0.13 M phosphoric acid (Kokusan Chemical Co.,
Ltd., Japan), pH 6.8, was used as the mobile phase with
a flow rate of 0.8 mL/min. UV adsorption of the eluent
was monitored at 260 nm. For calibrating the chroma-
tographic peaks of all nucleotides, solutions with differ-
ent known concentrations of ATP, ADP, AMP
(Oriental Yeast Co. Ltd., Japan), IMP, HxR (Junsei
Chemical Co. Ltd., Japan), and Hx (Wako Pure
Chemical Inds. Ltd., Japan) standards were injected
following the same procedure. The concentrations of
all ATP-related compounds from the chromatographic
peak areas were then determined, and the freshness
index, as AEC value, was calculated according to the
method of Atkinson, (1968) [9] using the formula:

AEC %ð Þ ¼ ATP þ 0:5ADP
ATP þ ADP þ AMP

� 100

Measurement of NAD content by the enzymatic
method

NAD content in frozen fish fillet was determined by
the enzymatic method according to Ehira (1983) [37].
The frozen muscle extract solution was thawed at 0°C
by keeping on ice. First, 1 mL of muscle extract
solution was added into a quartz cuvette and then
2.5 mL of 0.15 M Tris-HCl buffer (pH 8.7), 0.25 mL
of ethanol (99.5%), and 0.01 mL of 0.5 M EDTA (pH
8.7) were added. In addition, a blank reference sam-
ple was prepared using 1 mL of pure distilled water
instead of the muscle extract to prepare the solution.
The first absorbance (Abs. 1) was measured using
a UV spectrophotometer (UV-1800, Shimadzu
Corp., Japan) at 340 nm. After that, 0.01 mL of 900
mU/mL alcohol dehydrogenase was added into each
cuvette. The second absorbance (Abs. 2) was then
recorded using the same spectrophotometer at
340 nm. Based on the molecular absorbance of
NAD (6270), the NAD content (µmol/g) was calcu-
lated by using the following formula [37]:

NAD μmol=gð Þ ¼ Abs:2� Abs:1ð Þ� Blank Abs:f g
� 1000=molecular absorbance of NADð Þ
� total volume of measured solution mLð Þ
� volume of muscle extract mLð Þ=
muscle weight gð Þ

Preparation of muscle extract and measurement
of NADH content

NADH was ascertained following the method
reported by Imamura et al. (2012) [15]. After prepar-
ing the muscle extract for ATP-related compounds

and NAD content, the remaining part of the cylind-
rical subsamples (1 cm in diameter) of the frozen fish
fillet was used for NADH extraction following the
same procedure of dissection and under similar
environmental conditions. For extraction of NADH
from the fish muscle, NADH extraction buffer
(50 mM NaOH and 1 mM EDTA) and neutralization
buffer (0.3 M potassium phosphate buffer, pH 7.4)
were used. The samples were heated at 60°C for
30 min, and after centrifugation (Suprema 21; Tomy
Seiko Co. Ltd., Japan) at 20,000 × g for 15 min at 4°C,
the supernatant was used as the muscle extract for
NADH measurement using an assay kit.

The Amplite colorimetric total NAD/NADH assay
kit (Cosmo Bio Co. Ltd., Japan) was purchased and
stored at −20°C until measurement. The kit compo-
nent included NAD/NADH recycling enzyme mix-
ture, NADH sensor buffer, and NADH standard.
NADH stock solution (1 mM) was prepared by add-
ing PBS buffer into the vial of NADH standard. For
preparing the NADH reaction mixture, 10 mL of
NADH sensor buffer was added to the bottle of
NAD/NADH recycling enzyme mixture. Serial dilu-
tions of NADH standard (0–10 µM) were prepared to
obtain the NADH standard curve. Fifty microliter of
PBS buffer, NADH standard, and sample solution
were added into a cuvette. Then, 50 µL of NADH
reaction mixture was added into each cuvette to
adjust the total volume to 100 µL, and absorbance
was recorded at 575 nm using a UV spectrophot-
ometer (UV-1800, Shimadzu Corp., Japan).
Absorbance of PBS buffer was used as blank (control)
and was subtracted from the values of cuvettes with
NADH reactions. NADH content (µmol/g) in frozen
fish fillets was calculated using the standard curve.

Preprocessing and analyzing 3D-FFs data

Masking and preprocessing of FFs data were performed
according to previous studies [25,29,30]. The original
FFs data were a 3D EEM landscape, consisting of 3136
wavelength combinations (56 Ex. × 56 Em.), including
scatter light and non-fluorescence area (Figure 1(a)).
Real fluorescence data of the samples were extracted
from the original EEM data matrix by removing the
data with Em. wavelengths shorter than the excitation
wavelengths based on Stokes’ shift [38]. Moreover, irre-
levant signals in the EEM landscapes resulting from
scattered radiation were completely removed. The
EEM landscape was then masked to exclude Raman as
well as 1st, 2nd, and 3rd order Rayleigh scattering signals.
After the masking process, the remaining wavelength
ranges were Ex. 250–760 nm, and Em. 290–800 nm,
with a total of 1054 wavelength combinations (vari-
ables). Furthermore, as negative florescence intensities
are chemically impossible, all negative fluorescence
values were replaced with missing or not-a-number
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values. Figure 1(b) shows the masked EEM after remov-
ing scattered lights and non-fluorescence data. The
extracted fluorescence EEM data were unfolded from
3D to 2D with rows representing the samples and
columns representing Ex.–Em. wavelength combina-
tions (variables) considering each single Ex.–Em. wave-
length combination (pair) as one variable. The FFs data
array was pretreated via some preprocessing methods,
including centering and scaling [25]. First, mean cen-
tering and auto-scaling and then both mean centering
and auto-scaling were performed prior to building sta-
tistical models. Mean centering was performed by sub-
tracting the mean spectrum from all data in the FF
array. Preprocessing and figure drawings were per-
formed using Matlab R2016b (The Mathworks Inc.,
Natick, MA, USA) and Microsoft Office Excel 2016
(Microsoft, USA).

Partial least squares regression (PLSR) was applied
for data analysis using the JMP software (JMP pro. 12,
SAS Institute Inc. Cary, NC, USA), and the data were
modeled by setting wavelength pairs as predictors
(X-variables) and the measured chemical data (AEC
values or NADH content) as a response variable
(Y-vector). In total, chemical data of the 56 samples
(14 ice storage periods × 4 replications) and their
corresponding FFs data were modeled using the
PLSR method. The coefficient of determination (R2),
root mean square error estimated under cross-
validation (RMSECV), and optimum number of latent
factors (LF) of each PLSR model were determined
using ten-fold cross-validation [29]. The masked
EEM data (1054 wavelength pairs) were used for
building the first PLSR model (Model I) that consid-
ered all fluorophores in the EEM landscapes.
Furthermore, other PLSR models were built using
different wavelength combination to predict AEC
values and NADH content based on their fluorescence
features obtained from 3D-FFs measurement of stan-
dard molecules. All steps for monitoring the post-
mortem changes in frozen fish fillets by nondestructive
approach are summarized in Graphical Abstract.

Results and discussion

Post-mortem changes over ice storage periods

Figure 2(a) illustrates the changes in AEC values (%)
of frozen horse mackerel fillets previously stored in
ice from 0 to 48 h storage periods (i.e. 0, 0.5, 1, 1.5,
2, 3, 4, 5, 6, 7, 8, 12, 24, and 48 h). The initial AEC
values (at 0 h) were approximately 95% and
decreased gradually to 66.85% with increasing sto-
rage period until 6 h. After 8 h of ice storage, the
AEC values dropped suddenly to 37.38% and were
stable at around this value until the end of the
storage period (48 h). High AEC values observed
during the first few hours of ice storage indicated

a status of high energy in the fish fillets because of
shorter storage period immediately after sacrificing.
The initial AEC values of unstressed Atlantic sal-
mon muscles are very close (93%) to those reported
in our study [10], whereas the decreasing rate of
AEC value in the present study was slightly faster
than that of unstressed fish studied by Berg, Erikson
& Nordtvedt, (1997) [11]. This may be because the
muscle property of horse mackerel is different from
the white meat fish (Atlantic salmon). AEC value
was used as an indicator of handling or environ-
mental stress before and during slaughtering [10,11].
Moreover, it has been reported that the reduction in
AEC value (27%) was highly correlated to the onset
of post-mortem rigor mortis as well as stiffening of
muscle texture in the fish body [11]. AEC levels in
the muscles of horse mackerel samples obtained in
this investigation indicated that the initial high
energy status declined due to post-mortem chemical
metabolism during ice storage (0–48 h). Thus, AEC
values could be utilized as a useful freshness index
during the early stage of storage.

We aimed to determine why AEC value could be
a preferable freshness index over K-value during the
early stage of post-mortem. AEC value is calculated
from the relative ratio of adenosine nucleotides (ATP,
ADP, and AMP), whereas K-value is calculated from
all ATP-related compounds (ATP, ADP, AMP, IMP,
HxR, and Hx), some of which (i.e. HxR and Hx) are
basically produced at later post-mortem stages. As the
freshness condition of frozen fish fillets in this study
was monitored within only 48 h of ice storage, the
K-values observed during this period were not high
[22]. K-value seems to be an insensitive indicator for
freshness of fish muscle stored for short periods as the
rate of change in K-values during this stage was very
low and this finding agrees with the results of Mishima
et al. (2005) [32] who reported that K-value during the
first 48 h reaches around 5%. Therefore, determination
of K-value as the freshness index was not completely
reliable to predict freshness changes over early storage
period. Additionally, monitoring of AEC value as
a freshness index during early post-mortem metabo-
lism is more reasonable than ATP because ATP con-
tent degrades drastically soon after death, diminishes
within 8 h (around 0.5 μmol/g), and simultaneously
produces other metabolites such as ADP and AMP
(data not shown). Moreover, because the decreasing
rate of AEC value was slower than that of ATP content
after 6 h of ice storage, ATP decomposition could be
monitored by AEC index more constantly. Hence,
AEC index was proved to be more sensitive and
a trustworthy indicator of freshness in the early stage
of post-mortem changes in fish meat rather than other
indices.

NAD and NADH content were determined in the
frozen horse mackerel fillets previously stored in ice
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till 48 h (Figure 2(b)). At the beginning of ice storage,
NAD content was approximately 0.6 μmol/g and
decreased gradually during the first 5 h to 0.2 μmol/
g. Then, the concentration increased to around
0.4 μmol/g at 12–24 h and again declined to around
0.2 μmol/g after 48 h of ice storage. The initial NAD
content in Yellowtail fish was 0.8 µmol/g and
dropped within two days of ice storage [39], and the
highest concentration was observed at around 24 h of
ice storage for cod fish [40], which support the results
of our present study. Changes were also observed in
NADH content (µmol/g) of the same frozen horse
mackerel fillets during these periods of storage. The
initial NADH content was <0.1 μmol/g and increased
linearly during the first 12 h of ice storage. After 48 h,
the NADH content increased to approximately

0.8 μmol/g. The trend of decreasing NAD and
increasing NADH concentrations confirms the phe-
nomena of transformation (oxidation and reduction).
The changes in NADH content observed in the pre-
sent study were compatible with the study on tuna
muscle by Pong et al., (2000) [34]. Usually, NADH
content in fish meat could be used as a nutritional
supplement for boosting mental health, since it is the
derivative of vitamin B3 [41]. Higher content of
NADH indicated low metmyoglobin formation, and
the color changes in fish muscle can be monitored by
observing the NADH content incorporated with met-
myoglobin reductase activity [16,34]. Therefore,
monitoring NAD and NADH changes in fish muscle
was relevant to determine the post-mortem degrada-
tion in fish muscle. The breakdown of ATP-related

Figure 2. Results of destructive chemical analysis of frozen fillets previously stored for 14 different ice storage periods (N = 56).
(a) Changes in adenylate energy charge (AEC) values (%) by HPLC. (b) Changes in NAD and NADH content (µmol/g) by
enzymatic method and assay kit, respectively. Each error bar indicates a standard deviation of four measurements/samples.
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compounds and transformation of NAD to NADH,
or vice versa, suggested freshness changes and rigor
mortis progress, respectively, and these phenomena
confirm that post-mortem changes incurred due to
the ice storage of fish [14].

Fluorescence characterization of intrinsic
compounds in fish using standard reagents

Fluorophores related to quality changes in the early
stage of post-mortem of fish are primarily ATP-
related compounds and adenine nucleotides (NAD
and NADH). Fluorescence characterization of these
molecules is vital for nondestructive prediction of fish
quality. The fluorescence configurations of intrinsic
fluorophores of fish muscle are presented in Table 1.
The fluorescence spectrum of standard solutions of
ATP-related compounds, NAD and NADH, were

measured to visualize their “pure” fluorescence char-
acteristics. As shown in Figure 3, 3D-FFs of standard
ATP solution showed a very clear peak of high inten-
sity at the excitation wavelength (λex) 290 nm and
emission wavelength (λem) 380 nm. Similarly, fluor-
escent peaks were observed at the same wavelength
combinations (Figure 3) for standard ADP and AMP
solutions. The peak areas of the three adenosine
nucleotides ATP, ADP, and AMP were almost the
same at Ex. 250–320 nm and Em. 290–550 nm and
centered at Ex. 290 nm and Em. 380 nm. Table 1 also
shows the fluorescence features of IMP, HxR, and Hx;
these three nucleotides produced weak fluorescent
peaks centered at the same wavelength combination
of Ex. 300 nm and Em. 330 nm. The fluorescence
intensity of IMP was higher than that of HxR and Hx,
whereas Hx showed the lowest intensity. Among the
six nucleotide metabolites of ATP, adenosine

Figure 3. Contour plots of prominent fluorophores in the fish body related to post-mortem metabolism. Color bar indicates the
fluorescence intensity (a.u.). Fluorescence peak areas of standard reagents (10 μmol/g ATP, 1 μmol/g ADP, and 1 μmol/g AMP)
are centered at Ex. 250–320 nm and Em. 290–550 nm with the same highest intensity peak (λex = 290 and λem = 380). NADH
(0.1 μmol/g) fluorescence peak was observed at Ex. and Em. wavelength combinations of 250–400 nm and 390–640 nm,
respectively, with maximum intensity at Ex. 340 nm and Em. 460 nm. A central fluorescence peak with very high intensity within
the wavelength area of Ex. 330–370 nm and Em. 370–690 nm was also observed for the NADH fluorophore.

Table 1. Fluorescence configuration of the intrinsic fluorophores (standard reagents) in the fish body related to the early post-
mortem changes.

Standard chemical compounds
Fluorescence area (excitation and emission wave-

lengths combination)
Highest intensity peak location

(λex, λem)
Maximum intensity

(a.u.)

ATP, ADP and AMP Ex. 250–320 nm and Em. 290–550 nm 290 nm, 380 nm 2000
IMP, HxR and Hx Ex. 250–320 nm and Em. 290–550 nm 300 nm, 330 nm 120
NAD Ex. 250–400 nm and Em. 290–550 nm 290 nm, 380 nm 200
NADH Ex. 250–400 nm and Em. 390–640 nm 340 nm, 460 nm 2500

ATP, adenosine 5′-triphosphate; ADP, adenosine 5′-diphosphate; AMP, adenosine 5′-monophosphate; IMP, inosine 5′-monophosphate; HxR, inosine; Hx,
hypoxanthine; NAD, oxidized nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; λex, excitation wavelength; λem,

emission wavelength; a. u., arbitrary unit.

PREDICTION OF FRESHNESS CHANGES IN FROZEN FISH MEAT BY 3D-FF 7



nucleotides (ATP, ADP, and AMP) exhibited the
highest fluorescent intensities compared to that by
others. Thus, these fluorescent features centered at
Ex. 250–320 nm and Em. 290–550 nm was used for
predicting AEC values.

The standard NAD solution produced a fluorescent
peak at the wavelength combination of excitation (λex)
290 nm and emission (λem) 380 nm, and the intensity
was weaker than that of adenosine nucleotides (Table 1).
In general, the fluorescence features of NADH molecule
as shown in Figure 3 extended in a relatively large peak
within the wavelength area of Ex. 250–400 nm and Em.
390–640 nm. Moreover, EEM spectra of the standard
NADH solution showed also a central fluorescence peak
with very high intensity within the wavelength area of Ex.
330–370 nm and Em. 370–690 nm with a very sharp
peak centered at Ex. 340 nm and Em. 460 nm (Figure 3).
The observed fluorescence peaks of ATP and NADH by
Chang et al. (2013) [31] (i.e. ATP, Ex. 300 nm/Em.
400 nm; NADH, Ex. 350 nm/Em. 450 nm) were very
close to the peaks observed in our recent study. The
difference in measurement may be attributed to environ-
ment and instrumental configuration and little variations
in wavelength combinations for obtaining the fluorescent
peaks. Accordingly, the prominent fluorescence features
of adenosine nucleotides at Ex. 250–320 nm and Em.
290–550 nm and NADH (either the wide peak at Ex.
250–400 nm and Em. 390–640 nm or the narrow peak at
Ex. 330–370 nm and Em. 370–690 nm) were used for
predicting AEC values and NADH content in frozen
fillet as reliable parameters for early-stage post-mortem
quality evaluation.

EEM spectra of frozen horse mackerel fillets

Two prominent peaks were observed in the contour
plot of fluorescence fingerprints as shown in Figure 1
(b), which illustrates the EEM landscape of frozen fish
fillets. The first peak (P1) was the most prominent peak,
observed primarily in the Ex. wavelength range of
250–320 nm and at Em. wavelength range of
300–400 nm. The second prominent peak (P2) was
observed in the Ex. wavelength range of 330–420 nm
and Em. wavelength range of approximately
400–550 nm. Based on the fluorescence features of the
standard solutions of the main intrinsic metabolites
shown in Figure 3, it was deduced that the first peak
(P1) was mostly attributed to ATP and its breakdown
products and the second peak (P2) could be ascribed to
NADH. Several studies have reported that the fluores-
cence of some aromatic amino acids, such as trypto-
phan, exist in the first fluorescence peak (P1) area of the
fish fillets [31,35]. Because most of the amino acids do
not change drastically during the early stage of post-
mortem [42–44], the fluorescence of tryptophan was
neglected in the present study. On the other hand,
the second peak (P2) was primarily attributed to the

fluorescence of NADH [31,35,45,46]. As the fish fillet
contains many fluorophores, such as ATP-metabolites,
aromatic amino acids, NADH, and pigments [18,31],
the concentrations of not all, but some fluorophores
change during the early storage periods. Fluorescence
peaks of the fish fillets were slightly different from
a previous study that reported on long-term refrigerated
fish [29]. Therefore, the present study was focused on
the fluorescence of ATP-metabolites and NADH mole-
cules for tracking early post-mortem changes.

Prediction of post-mortem changes by 3D-FFs

Table 2 represents the results of PLSR models devel-
oped using all Ex.–Em. wavelength combinations
(1054 variables) to predict AEC values and NADH
content in the frozen fish fillets. All the 1054 wave-
length pairs were used as predictor variables
(X-matrix) and the post-mortem quality index (AEC
values or NADH content) was used as the response
variable (Y-vector). Moreover, spectral preprocessing
methods, such as mean centering and auto-scaling,
were performed to treat raw 3D-FFs prior to devel-
oping PLSR models. Auto-scaling measures the unit
variance, whereas mean centering scales the fluores-
cence intensity at each wavelength to zero mean.
Generally, the performance of the PLSR models was
evaluated with regard to R2, RMSECV, and LF. The
highest R2, lowest RMSECV, and least LF are indica-
tions of robust prediction models [30]. As shown in
Table 2, the best PLSR model was obtained when 3D-
FFs data were pretreated with both mean centering
and auto-scaling to yield R2 = 0.94 and 0.88, and
RMSECV of 5.48% and 0.07 µmol/g for predicting
AEC values and NADH content, respectively.
Although auto scaling pretreatment yielded PLSR
models with a higher R2 (0.98 for AEC and 0.89 for
NADH), the model developed under this condition
will unfortunately be unstable and will suffer from
overfitting because of the high number of latent fac-
tors associated with these models.

Because 3D-FFs were recorded across a range of
high numbers of Ex.–Em. wavelength pairs (1054

Table 2. Results of PLSR models developed on all excitation-
emission wavelength combinations (1054 variables) using
different preprocessing methods.
Index Preprocessing methods R2 RMSECV LF

AEC value (%) Mean centering 0.90 7.06% 7
Auto scaling 0.98 3.32% 15
Mean centering + Auto
scaling

0.94 5.48% 9

NADH (µmol/g) Mean centering 0.80 0.09 µmol/g 8
Auto scaling 0.89 0.07 µmol/g 9
Mean centering + Auto
scaling

0.88 0.07 µmol/g 8

AEC, adenylate energy charge; NADH, reduced nicotinamide adenine
dinucleotide; PLSR, partial least squares regression; R2, coefficient of
determination; RMSECV, root mean square error estimated under cross
validation; LF, latent factor.
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variables) that are highly correlated, different PLSR
models were also developed using certain combina-
tions of Ex. and Em. wavelengths (Table 3) instead of
the whole EEM landscape (i.e. 1054 Ex–Em wave-
length combinations). The objective of these models
was to pinpoint the ability of certain fluorescent areas
(attributed to certain intrinsic fluorophores) to identify
the quality changes in the samples at early stage of
post-mortem. Therefore, the fluorescence features of
adenosine nucleotides (i.e. Ex. 250–320 nm and Em.
290–550 nm) and NADH (i.e. either the wide peak at
Ex.
250–400 nm and Em. 390–640 nm or narrow peak at
Ex. 330–370 nm and Em. 370–690 nm) recognized
from their “pure” fluorescence spectra (Figure 3 and
Table 1) were used to predict the AEC values and
NADH contents as well as to confirm our proposed
hypothesis. Figure 4(a) depicts the performance of
PLSR models for predicting AEC value as a reliable
fish freshness index during early-stage of post-mortem.
The first PLSR model (AEC Model I) built using all
variables in the EEM spectra (1054 Ex.–Em. wave-
length combinations) yielded a good prediction ability
with R2 of 0.94 and RMSECV of 5.48% using nine
latent factors. However, the whole FFs spectra con-
tained many fluorophores existing in the fish body as
described previously, and some spectral regions may
not provide relevant information about quality
changes. Because AEC index was calculated from the
relative ratio of ATP, ADP, and AMP, the specific
fluorescence features of these compounds could be
used to predict this index instead of using all 1054
Ex.–Em. wavelength combinations. Thus, the second
model (AEC Model II) was developed using only the
specific wavelength range at Ex. 250–320 nm and Em.
290–550 nm (147 Ex.–Em. wavelength combinations)
centered at the fluorescence area of standard adenosine
nucleotides (ATP, ADP, and AMP). In reality, Model
II considered only eight Ex. wavelengths (λex = 250,
260, 270, 280, 290, 300, 310, and 320 nm) with their
corresponding Em. wavelengths (in the range of Em.
290–550 nm). The performance of this model exhib-
ited good prediction with R2 = 0.90 and
RMSECV = 7.22% using only eight latent factors

(Table 3 and Figure 4(a)). This newly developed
model indicated the reliability of using fluorescence
features of specific fluorophores (ATP, ADP, and
AMP) for predicting AEC freshness index.
Nevertheless, previous studies [29,30] could not
prove that the selected wavelengths used in their
PLSR models were attributed to such fluorophores
(ATP-related compounds). Because HxR and Hx exhi-
bit very low fluorescence intensity among the ATP-
metabolites (Table 1), it was not necessary to use these
fluorophores to build other prediction models.

As shown in Figure 2(a), the AEC value after
6 hours has a large variance whereas in 7 hours
increased in the decreasing trend of AEC, and after
8 hours of ice storage the AEC values drastically
reduced to less than 50%. Because the ATP content
(initially, around 7 μmol/g) decreased gradually, and
after 8 hours of ice storage it declined to less than
1 μmol/g (data not shown). Consequently, the AEC
was maintained around 80% till 7 hours of ice storage
and then dropped to less than 50% suddenly after
8 hours and there were few data of AEC between the
ranges of 50–80%. However, in the PLSR models of
AEC, the data don’t seem outliers and yielded well-
fitted models to predict the AEC index of fish fresh-
ness (Figure 4(a)). AEC index was predicted using all
wavelength combinations (147) observed in the fluor-
escence region (P1) of FFs spectra acquired from the
frozen fish fillets (Figure 1), indicating that all fluor-
ophores in this region, including ATP metabolites,
are vital in AEC prediction. Although ATP, ADP and
AMP showed the same spectral region, their fluores-
cence intensities were not the same, and the intensi-
ties may vary depending on their concentrations and
types of ATP-metabolites as well. Rahman et al.
(2016) reported that the fluorescence intensity of
“pure” ATP was changed depending on the changes
of concentration [45]. Moreover, Figure 3 depicts that
the fluorescence intensities of ATP, ADP and AMP
were different for each kind of nucleotides. Another
study demonstrated that the increment of fluores-
cence intensity became higher upon the addition of
ATP, compared to ADP and AMP to the globular
head region of myosin molecule with the

Table 3. Performance of PLSR models for predicting AEC values (%) and NADH content (µmol/g) of the frozen fish fillets to
assess the initial post-mortem changes.
Index PLSR models Excitation and emission wavelengths combination (nm) R2 RMSECV LF

AEC value (%) Model I Ex. 250–760 and Em. 290–800
(1054 Ex-Em variables)

0.94 5.48% 9

Model II Ex. 250–320 and Em. 290–550
(147 Ex-Em variables)

0.90 7.22% 8

NADH (µmol/g) Model I Ex. 250–760 and Em. 290–800
(1054 Ex-Em variables)

0.88 0.07 µmol/g 8

Model II Ex. 250–400 and Em. 390–640
(302 Ex-Em variables)

0.94 0.06 µmol/g 14

Model III Ex. 330–370 and Em. 370–690
(135 Ex-Em variables)

0.85 0.08 µmol/g 9

AEC, adenylate energy charge; NADH, reduced nicotinamide adenine dinucleotide; Ex., excitation; Em., emission; PLSR, partial least squares regression;
R2, coefficient of determination; RMSECV, root mean square error estimated under cross validation; LF, latent factor.
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hydrophobic fluorescent dye (Hiratsuka, 1994) [46].
These suggested that the variation of concentration,
types of ATP-metabolites and the possible conforma-
tional changes of ATP-binding pocket of myofibrillar
protein during ATP hydrolysis may affect the fluor-
escence intensities of ATP, ADP and AMP even at

their same spectral region. In our study, the concen-
tration of the ATP-metabolites was correlated with
the storage period of fish, such as the ATP content
was higher at the initial ice storage period and then
decreased, whereas ADP and AMP concentrations
increased firstly and then decreased after dropping

Figure 4. Illustration of PLSR models for predicting AEC values (Model I & II) and NADH content (Model I, II, & III) in frozen fish
fillets. (a) AEC Model I, all 1054 Ex.–Em. wavelength combinations were used. AEC Model II utilized only eight Ex. (250, 260, 270,
280, 290, 300, 310, and 320 nm) and their corresponding Em. wavelengths based on the combined fluorescence area of ATP,
ADP, and AMP. (b) NADH Model I used all (1054 Ex.–Em.) wavelength combinations. NADH Model II used the fluorescence area
(Ex. 250–400 and Em. 390–640) obtained from the standard NADH reagent. NADH Model III used only five Ex. (330, 340, 350,
360, and 370 nm) and their relevant Em. wavelengths based on the intensity peak area of NADH.
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of ATP level at 0.1 μmol/g (data not shown). As the
AEC value calculated from the relative ratio of ATP,
ADP and AMP, their combined fluorescence feature
can be obtained by using this freshness index which
may be reflected on the 3D-FFs spectra of fish.
Hence, the prediction of AEC index comprising sev-
eral fluorophores would be more effective than that
by using a single fluorophore in 3D fluorescence
fingerprinting. Thus, monitoring AEC values by 3D-
FFs was much more reasonable than ATP, as sug-
gested by Shibata et al. (2018) [22]. Consequently, the
prediction of AEC values using 3D-FFs could be
a novel tool for monitoring freshness changes at the
early stage of post-mortem.

In 3D-FFs spectra of frozen horse mackerel, several
chemical compounds (fluorophores) exhibited fluores-
cent features at different wavelength areas. As mentioned
above, the most prominent peak was expected to be
attributed to ATP-related compounds, whereas
the secondpeak (P2) encompasses relatively higherwave-
length combinations (Figure 1(b)). Similarly, the stan-
dard NADH solution produced a high-intensity peak in
the higher wavelength combinations than that of ATP-
related compounds (Figure 3), and this strong fluoro-
phore contributed significantly to the post-mortem qual-
ity changes in the fish body. Therefore, further PLSR
models were built for predicting NADH contents
(µmol/g) in the frozen fillets to assess initial post-
mortem changes (Table 3 & Figure 4(b)) using either
the whole spectral range (1054 Ex.–Em.wavelength com-
binations) or the fluorescence features of NADH. In
Model I for predicting NADH, all 1054 Ex.–Em. wave-
length combinations yielded a model with R2 value of
0.88 and RMSECV of 0.07 µmol/g with eight latent
factors. The second model (NADH Model II), accom-
plished by utilizing the wide fluorescence area (302 Ex.–
Em. wavelength combinations) of NADH at Ex.
250–400 nm and Em. 390–640 nm (Figure 3 & Table
1), showedhigherR2 (0.94) thanNADHModel I butwith
very high numbers of LF (14), indicating the poor fitting
of this model. As NADH is a highly fluorescent intrinsic
component in the fish body and produces a distinct
intensity peak at Ex. 340 nm and Em. 460 nm (Figure 3
& Table 1), the fluorescence area around this maximum
intensity peak was used for further modeling. Therefore,
the narrow fluorescence feature of NADH (i.e. Ex.
330–370 nm and Em. 370–690 nm) was used in building
a new PLSR model (NADH Model III). In practice,
NADH Model III was built using only 135 Ex.–Em.
wavelength combinations resulting from only five Ex.
wavelengths (i.e. 330, 340, 350, 360, and 370 nm) with
their corresponding Em.wavelengths (Em. 370–690 nm).
NADH Model III yielded a reasonable prediction with
R2 = 0.85 and RMSECV = 0.08 µmol/g with only nine
latent factors. This model is comparable with NADH
Model I that utilized 1054 Ex.–Em. wavelength combina-
tions, indicating the high performance of NADHModel

III with a lower number of wavelength combinations
(135 Ex–Em pairs). NADH Model III indicated a good
correlation between certain areas in the EEM spectra and
NADH content of the frozen fish muscle. This finding
ultimately revealed that predicting NADH content by
3D-FFs is much more straightforward owing to the
strong and substantial fluorescence features of NADH.
Selection of Ex. wavelengths (Ex. 330–370 nm) for the
third model was also corroborated by rapid front-face
fluorescence spectroscopy for monitoring fish freshness
and authentication of fish quality based on NADH con-
tent in the fish body [47,48]. Moreover, the selected
wavelengths were totally distinct from the fluorescence
area of ATP-metabolites as well as the first peak (P1) of
fish fillets, indicating the robustness of Model III for
predicting NADH content in fish meat.

As NADH content in the fish body is correlated with
NAD content, the changes in these dinucleotides (NAD
and NADH) are deeply involved in the progress of gly-
colysis and are anticipated to be an indicator of the state
of rigor mortis in the fish body. Moreover, NADH con-
tent in the fish body can influence metmyoglobin forma-
tion, which is related to color changes [15,16]. Therefore,
nondestructive prediction of NADH content in the fro-
zen fish body using fewer Ex. wavelengths of 3D-FFs
(NADH Model III) could be an efficient tool for mon-
itoring the appearance as well as freshness status of fish
tissue at the post-mortem metabolic process.

Conclusions

It has been clarified that initial post-mortem degra-
dation can be primarily observed by monitoring the
energy status (AEC values) and transformation
between NAD and NADH in frozen horse mackerel
fillets. Among the different post-mortem metabolites,
adenosine nucleotides (ATP, ADP, and AMP) and
NADH are the most prominent fluorophores in
horse mackerel fish meat. Out of two PLSR models
of AEC values, the second model showed the best
fitting with R2 of 0.90 by utilizing first eight Ex.
wavelengths (λex = 250, 260, 270, 280, 290, 300, 310,
and 320 nm) based on the combined fluorescence
attributes of ATP, ADP, and AMP. Furthermore,
a PLSR model of NADH was observed with remark-
able fitting (R2 = 0.85) by selecting the next five Ex.
wavelengths (λex = 330, 340, 350, 360, and 370 nm),
which were also based on the maximum fluorescence
intensity peak of NADH. The outcomes of this study
confirm that the robustness of 3D-FFs for predicting
AEC values as a novel freshness index and NADH
content as an indicator of anaerobic glycolytic pro-
gress in fish meat are competent and their combined
monitoring at frozen state can confirm the authenti-
city of post-mortem freshness changes. As the NAD
and NADH concentrations are correlated to rigor
index and metmyoglobin formation, respectively
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they could be the key factors in fish meat quality
evaluation especially, drip loss, textural properties
and color changes during processing and distribution
of frozen fish meat in the retail markets and fishery
industries as well. The method demonstrated in this
study is a novel approach for monitoring AEC values
and NADH content in frozen fish fillets using 3D-FFs
coupled with PLSR modeling, thereby successfully
confirming our proposed hypothesis. This contact-
less, non-invasive, and expeditious technique for
tracking post-mortem changes in fish by fluorescence
fingerprinting could be applicable for at-line moni-
toring and quality control programs to authenticate
the quality of frozen fish in the fishery industry. As
the frozen state of samples provides high fluorescence
quantum yield of different fluorophores compared
with the raw state [29], the present study was con-
ducted using frozen fish. However, further applica-
tion of this methodology will be needed to monitor
the freshness status of non-frozen samples as well as
for increasing the efficacy of the method. The simpli-
city of this technique and the accompanied proposed
method offers rich opportunities for efficient charac-
terization of different fish species and other muscle
foods at an affordable cost owing to the remarkable
reduction in laborious time and chemical cost com-
pared to other wet biochemical methods.
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