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Abstract: Red sea bream (Pagrus major) scale fluorescence characteristics were identified as a potential
rapid and non-destructive means for assessing the fish’s freshness. To investigate this, live red sea
breams were purchased, slaughtered, and prior to measurement, stored at 22 & 2 °C for 27 h. During
subsequent storage, the K value of the dorsal meat—as a standard freshness indicator—along with
front-face fluorescence spectra of representative dorsal scales, were measured simultaneously at
3 h intervals. Two major fluorescent peaks, A and B, were identified with excitation and emission
wavelength pairs of 280/310 nm and 340/420 nm, which were mainly contributed to by tyrosine and
collagen, respectively. Subsequent analysis showed that the fluorescence intensity ratio of peak B to
A (Ig/1,) increased linearly during storage (R? = 0.95) and is proposed as a potential non-destructive
index of fish freshness. Thus, our results suggest that the fluorescence characteristics of fish scales
can be used to assess fish carcass freshness during storage.
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1. Introduction

Red sea bream is an important commercial marine culture fish species in Japan due to its
palatability and being highly valued by Japanese consumers. According to the Ministry of Agriculture,
Forestry and Fisheries in Japan, over the last decade, around 90,000 tons/year have been cultured
or captured. With ever increasing demands for the delivery of high quality red sea bream,
mariculture industry, retailers, consumers, and regulatory officials desire an improved, and preferably
non-destructive, method for rapidly determining the quality and freshness of this high-end product.

Freshness is a major determinant in most fish or fishery products, since it is the most relevant
attribute that consumers use to evaluate taste and safety [1]. Various traditional methods, such as
sensory [2], microbiological [3], and biochemical [4] methods have been investigated to evaluate the
freshness of various commercial fish species. Of these, the most used method on a wide variety of
fish species is the K value, a freshness index based on the adenosine triphosphate (ATP) degradation
product ratio, due to its direct relationship to biochemical changes. The ATP degradation process is
usually described as follows: ATP — adenosine diphosphate (ADP) — adenosine monophosphate
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(AMP) — inosine monophosphate (IMP) — inosine (HxR) — hypoxanthine (Hx). The K value
is calculated as the percentage rate of (HxR + Hx) to the sum of ATP and degradation products
(ATP + ADP + AMP +IMP + HxR + Hx), and is widely used as a standard fish freshness indicator [5].

Recently, a wide range of new instrumental approaches, such as spectrophotometers [6], image
analyzers [7], colorimeters [8] or electronic tongue [9], have been proposed as an alternative to the
traditional complex chemical analyses. However, many of these traditional and new techniques still
have drawbacks in terms of being time consuming, costly, requiring laboratory facilities, or are difficult
to interpret. Given the potential rapid losses in fish freshness after capture and death, a simple, rapid
and convenient means of freshness assessment is sought.

In the last several decades, fluorescence spectroscopy has received particular attention due to
its nondestructive nature, short sampling time, high sensitivity, and selectivity [10]. Fluorescence
spectroscopy provides important information on the presence of fluorophores which change in
response to the physical-chemical environment and provide a window into the freshness state of
the sample. These fluorophores can be directly monitored and changes in fluorescence intensity of
a given fluorophore can be directly correlated with fluorophore concentration [11]. Previous studies
carried out by our research group have shown that fluorescence properties of fish eye fluid are closely
related to freshness changes. Therefore, fluorescence spectroscopy offers the potential for fast and
convenient assessment of fish freshness. Among fluorescence spectroscopy techniques, front-face
fluorescence spectroscopy reduces the optical path for illumination, ensuring only the surface of the
material is sampled, providing a potentially rapid, non-destructive and quantitative investigation of
fluorophores of turbid or solid intact samples [12,13]. Scales attached to the surface of the fish body
contain significant fluorescent organic substances and their changes during storage could be tracked
using their fluorescence signals [14], making the scales a potential indicator of freshness decline. In the
near future, these fluorescence data from scales with specific excitation and emission wavelength
bands will be expected to be assessed with a device such as a multiplex sensor [15] or fluorescence
imaging [16], making a simpler, faster and convenient method for intact fish freshness assessment
based on the fish surface fluorescence.

Therefore, the aim of this study is to identify and demonstrate the relationship between major
fluorescence signal changes in red sea bream scales and freshness during storage using front-face
fluorescence spectroscopy.

2. Materials and Methods

2.1. Red Sea Bream

Red sea breams (Figure 1) were purchased from Taisei Suisan, Ltd. (Ehime prefecture, Japan),
from 17 August 2016 to 11 January 2017 with an average fork length of 42.6 £ 1.6 cm, weight of
1072 £ 106 g and age of 19-24 months. At the commencement of the storage experiment, fish were
killed by puncturing the brains and spinal cord, cleaned, wrapped in a plastic bag to maintain humidity,
and then stored at 22 & 2 °C for 27 h. During this storage, samples (meat and scales) were collected
every 3 h from the beginning of storage. Meat from the dorsal part of the fish was used for K value
measurement (a standard freshness evaluation parameter). So-called “key scale” (short diameter:
0.71 £ 0.064 cm, long diameter: 0.92 £ 0.057 cm, thickness: 0.17 £ 0.055 mm) between the dorsal
fin and the lateral line, which are representative of the features of the fish scales [17], were collected
for fluorescence spectra measurement. K value measurement of meat was performed on 3 replicates
and fluorescence spectra measurement of scales was performed on 9 replicates at each sampling
time. In addition, scales collected at the beginning of storage were used for a water loss experiment
(3 replicates) and scanning electron micrograph (SEM) observations.
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Figure 1. Body of red sea bream (a) and “key scale” from fish body white border (b).

2.2. K Value Measurement

In this study, the K value was measured using a Freshness Checker (QS 3201, QS solution,
Miyagi, Japan), which is based on a paper electrophoresis method. Approximately 200 mg meat
from the dorsal part of the fish was cut into small pieces and placed in 0.6 mL of extraction reagent
A (supplied by QS solution), then neutralized using reagent 5.61% potassium hydroxide. Next, the
supernatant was dropped in the electrophoresis buffer solution sprayed electrophoresis paper to
conduct at 800 V for 7 min. After completion of electrophoresis, the paper was dried at 100 °C using a
forced air convection dryer (Paper dryer QS 4201, QS solution, Miyagi, Japan). The developed spots
on the dried electrophoresis paper were then illuminated at 254 nm and recorded by a digital camera
(Canon EOS M3, Tokyo, Japan). Finally, the recorded spots were digitized and the K value for each
spot calculated by a Spot Analyzer (QS solution).

2.3. Scales Spectra Acquisition

2.3.1. Front-Face Fluorescence Spectra Measurement

Front-face fluorescence spectra of scales were measured using an F-4500 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan). Scales without prior preparation were measured at
room temperature using a quartz-windowed standard surface fluorescence cell with a single-position
cell holder, which was set at a 30° incidence angle to minimize the reflected light, scattered radiation,
and depolarization phenomena from the sample [18]. The scales were stacked up into a cell
for front-face fluorescence spectra measurement immediately after removal from the fish body.
A photomultiplier voltage of 700 V was used to reduce detector saturation. The instrumental
settings were: slit width 5 nm (for both excitation and emission), excitation wavelengths 200-600 nm
(every 10 nm) and emission wavelengths 210-700 nm (every 10 nm), and a scan speed of
12,000 nm/min.

2.3.2. Infrared Spectra Measurement for Compound Identification

Ikoma et al. [19] found that the infrared (IR) spectrum has characteristic peaks corresponding to
the organic and inorganic components of the fish scale, which is a nanocomposite consisting of type
I collagen and calcium-deficient apatite containing carbonate ions. Thus, infrared spectroscopy was
used to identify the main compounds of the red sea bream scale in the current study.

Infrared spectra of the internal side (closest to skin) and the external side (exposed to air) of
the raw scales were obtained with a Thermo Scientific Nicolet iS5 FTIR (Fourier Transform Infrared)
spectrometer (Thermo Fisher Scientific, Kanagawa, Japan) equipped with an iD5 attenuated total
reflectance (ATR) accessory. The scale sample was placed on a prism (ZnSe) and compressed lightly
using a pressure clamp. Spectra were measured from a wave number of 4000-500 cm~! with a
resolution of 4 cm~! with 32 scans for each spectrum. Spectra were collected and peaks detected using
Omnic software (Thermo Fisher Scientific).
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2.4. Scanning Electron Micrograph Image Acquisition

In order to observe the morphology of the scales, the scales were cleaned with distilled water,
dried, and then were coated with platinum (JEOL JFC 1600 Auto Fine Coater, Tokyo, Japan) for 2 min
at 10 mA, before being examined with a scanning electron microscope (SM-200, Topcon, Japan) at an

accelerating voltage of 20 kV.
3. Results and Discussion

3.1. Time-Dependent Changes of K Value

The K value of red sea bream increased exponentially after 27 h storage at 22 & 2 °C (Figure 2),
which is in agreement with the K value observed in Dasyatis brevis muscle when stored at 0 °C for
18 days [4]. The K value began from 12.2% at the start of storage to 83.2% after 27 h storage. According
to Kato et al. [20], fish with a K value of less than 20% are classed as food suitable for raw consumption;
with a K value less than 40% are suitable to be boiled or stewed; with a K value of over 40% are
classed as spoiled fish. Thus, the K value results indicate that the red sea bream could still be used for
“Sashimi” grade (raw consumption) up until 9 h storage (a K value under 20%), and for cooking grade
up until 18 h storage (a K value under 40%). For our research purposes, we term fish as being in the
“fresh stage” when the K value is below 40%, and those in the “spoiled stage” when the K value is over
40%. Thus, the red sea bream monitored during this storage experiment remained in the “fresh stage”
for 18 h, while fish stored for more than 18 h at room temperature (22 % 2 °C) were found to be in the

“spoiled stage”.

100

Exponential curve: R= 0.97

K value (%)

0 6 12 18 24 30
Storage time (h)

Figure 2. Changes in K value of red sea bream during storage at 22 + 2 °C. Values shown are the means

of three replicates with standard deviation bars.

3.2. Fluorescence Spectroscopic Properties of Red Sea Bream Scales

For the red sea bream scales, three visible peaks were identified from the corrected fluorescence
landscape (Figure 3); the highest fluorescence intensity was observed at peak A with an excitation
(Ex) wavelength of 280 nm and emission (Em) wavelength of 310 nm, with a weaker signal at a same
excitation and emission wavelength of 620 nm. Moreover, a relatively strong fluorescence signal was
detected at peak B with an excitation wavelength of 340 nm and emission of about 420 nm.
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Figure 3. Typical front-face fluorescence landscape of the red sea bream scale.

3.2.1. Identification of the Major Compound Contributing to Peak A (Ex/Em: 280/310 nm)

A number of reports have noted that the fluorescence signal at peak A is caused by free tyrosine
or proteins containing tyrosine residuals [21]. Analyses of fish scales reveal a 41% to 81% organic
protein content, including 24% of ichthylepidin and 76% of collagen [22]; scale ichthylepidin contains
about 5% tyrosine residuals (rare tryptophan residuals) [23], while scale collagen contains 2-3 tyrosine
residuals (tryptophan not detected) in 1000 total residuals [24]. These organic proteins containing
tyrosine residuals contribute, to some extent, to the fluorescence signal at peak A. However, for the
untreated scales, we also need to consider the mucus (and epidermis) that covers the surface of the
scales, since it reaches a considerable thickness on the surface of the scales [25]. The mucus of fish,
which is a complex jelly-like fluid predominantly formed by macromolecules (proteins) [26], plays a
critical role in their defense by acting as a biological barrier [27]. The mucus shows strong absorption
in the protein region due to the tyrosine residuals which are confirmed to exist in mucus proteins [28],
and free tyrosine—an essential content in fish mucus fluid [29]. Thus, the free tyrosine and its residual
proteins in the mucus were also deemed to contribute to the fluorescence signal at peak A.

Additionally, a weak signal was observed in the scale fluorescence spectra at an excitation
wavelength of 280 nm and emission wavelength of 620 nm; this is an artificial peak due to
a second-order transmission of the diffraction grating monochromators from peak A. However,
this artificial peak could be used to show the similar fluorescence behavior and to maintain a fixed
fraction of peak A intensity [30]. Here, we use the intensities of the peak at Ex/Em of 280/620 nm
rather than that at peak A to represent the change in fluorescence intensities during storage because
the intensities at peak A were partly saturated.

3.2.2. Identification of the Major Compound Contributing to Peak B (Ex/Em: 340/420 nm)

Previous research has indicated that a fluorescence signal at peak B with an Ex/Em wavelength
pair of 340/420 nm can be assigned to collagen (Type I), reduced form of nicotinamide adenine
dinucleotide (NADH) or vitamins [31,32].

Generally, the elasmoid scales of teleost fish consist of collagen fiber, which forms a highly ordered
three-dimensional structure together with calcium-deficient hydroxyapatite (Cajo(POy4),(OH),) [33].
The internal and external layers of the red sea bream scale were measured with a Fourier Transform
Infrared (FTIR) in ATR mode (Figure 4). The FTIR spectrum of the internal side of the scale showed a
characteristic peak at 3292 cm ™!, which corresponds to the amide A arising from the N-H stretching,
and the absorption peak at 3081 cm ! is assigned to the amide B band of collagen; peaks at 1628, 1544
and 1238 cm ™! are characteristic of C=O stretching vibrations, N-H bending vibrations and the C-N
stretching vibrations, as well as C-N stretching and N-H in-plane bending corresponding to amide
I, I and III bands of collagen, respectively [34]. The amide III band demonstrates the existence of a
helical structure [35]. The FTIR spectra of the external layer showed strong absorption bands around
600 and 1000 cm !, corresponding to phosphate groups in the apatite lattice, and a peak at 1420 cm ™!
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corresponding to carbonate anions substituted for phosphate ions in the apatite lattice [33]. The FTIR
spectra results on the internal and external sides of the red sea bream scale are in close agreement
with the results of Ikoma et al. [19] which suggest that the fish scale consists of mainly type I collagen
fibrils with a partially calcified internal layer and a well-calcified external layer. Importantly, the IR
spectra of this collagen layer (internal side) is in agreement with the IR spectra of collagen isolated
from the scales of other fish species [36], confirming that collagen actually largely exists on red sea
bream scales. The current fluorescence spectroscopy device has a sufficient intensity of excitation light
which could penetrate into the scale. Therefore, collagen undeniably contributes to the fluorescence
signal of peak B in the red sea bream scale, in agreement with the results from Santana et al. [37].
Moreover, for the untreated scales, traces of NADH or vitamins may be present in the mucus or
epidermis, also contributing slightly to this peak [32].
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lAmichI
1 Amide I11
Amide A

0.03 ¢ | AmideB

0.00

Scale external laye 5
0.06 | Scale external layer PO

Absorbance
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Figure 4. Fourier Transform Infrared (FTIR) spectra of the red sea bream scale: the upper part is the
internal layer, and the lower part is the external layer of the scale.

3.3. Time-Dependent Changes in Fluorescence Intensity of Scales

3.3.1. Time-Dependent Changes in Fluorescence Intensity of Peak A (Ex/Em: 280/310 nm)

Although there was a relatively consistent decrease in peak A fluorescence intensity with storage,
there was a large error bar mainly associated with individual differences between fish samples
(Figure 5). Since the peak A fluorescence intensity consists of internal fluorescence of organic
compounds (from ichthylepidin and collagen) and surface fluorescence (from the mucus layer), changes
in these compounds will be reflected in the peak A intensity changes during storage.

800

600

400

200

Fluorescence intensity (A.U.)

Storage time (h)

Figure 5. Changes in peak A fluorescence intensity during the storage time. Values shown are the
means of 9 replicates with standard deviation bars.
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Ichthylepidin belongs to scleroprotein, which is insoluble in most solvents, is hardly digested
by enzymes [38], and is expected to be quite stable during storage, resulting in minimal changes in
tyrosine residuals. Since collagen contains traces of tyrosine residual, the change in collagen tyrosine
residual is not expected to significantly affect peak A fluorescence intensity levels.

On the other hand, the outer mucus plays a critical role in live fish defense by trapping and
immobilizing most bacteria and pathogens before they can contact epithelial surfaces; continuous
secretion and replacement of mucus prevents the stable colonization of potential infectious
microorganisms [39]. However, once the fish body dies, the replacement metabolism stops, and the
microorganisms invade the mucus on the scales with decreasing defensive capabilities (secretion of new
mucus). Thus, these microorganisms are expected to multiply rapidly and consume the free tyrosine
and proteins in the mucus, which will significantly impact total tyrosine (i.e., peak A) fluorescence
intensity levels. That is, the free tyrosine in mucus is readily utilized by the fast-multiplying
microorganisms, decreasing peak A intensity during storage. However, the complex degradation of
proteins and generation of free tyrosine result in the peak A intensity fluctuating during storage [40].

3.3.2. Time-Dependent Changes in Fluorescence Intensity of Peak B (Ex/Em: 340/420 nm)

The changes in peak B fluorescence intensity of red sea bream scales during storage is shown in
Figure 6. Intensity tended to increase during the initial stage of storage (first 12 h storage), while a
higher value was apparent after 12 h storage, but with a slow downward decline thereafter.

2500
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Figure 6. Changes in peak B fluorescence intensity during storage. Values shown are the means of
9 replicates with standard deviation bars.

Since collagen was the biggest contributor to peak B, changes in collagen would essentially lead
to the changes in peak B during storage. As the water holding capacity of fish decreases, in company
with moisture evaporation on the fish surface during storage [41], the scales on the fish surface will
also lose moisture, which may be the main contributor to the increase in peak B fluorescence intensity
during this initial stage of storage (the first 12 h storage). In vitro scales lose water very fast; most
of the scale water content (23% by weight) was lost within 10 min of drying at room temperature of
22 + 2 °C and humidity of 45%. The peak B fluorescence intensity was observed to linearly increase
with the scale water loss (Figure 7), that is, the dryer the scale, the higher the peak B fluorescence
intensity observed. Thus, fish scales can confidently be assumed to be losing moisture during storage
which leads to increased peak B fluorescence from the scales at this initial stage of storage. In addition,
scale moisture loss could slightly increase the peak A fluorescence intensity but not significantly; thus,
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this may not be the key factor causing the variation in peak A fluorescence intensity during storage
(Figure 5).

The observed peak B fluorescence decrease later in storage (after 12 h storage) may be mainly
due to aggravated bacteria activity on fish scales collagen. SEM images of the scale collagen layer
(Figure 8) clearly show that at the spoiled stage (24 h storage), the collagen layer was much rougher
and damaged than at the fresh stage (0 h or 12 h storage), due mainly to the bacterial collagenase that
are produced by the accelerated colonialization and multiplication of bacteria entrapped in the mucus
of the fish, while it was still alive, gradually digesting the scale collagen [42]. Therefore, the peak B
intensity which was mainly due to the changes in collagen tends to decrease later in storage.
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Figure 7. Change in Peak B and A fluorescence intensities with water loss. Values shown are the means
of 3 replicates with standard deviation bars.
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Figure 8. Scanning electron micrograph (SEM) of the internal (collagen) layer of scales at different
storage times.

3.3.3. Ratio of Iz /14 Related with Freshness

The above observations point to the conclusion that red sea bream scale fluorescence changes
in peak A and peak B which is mainly due to changes in tyrosine and collagen content in opposite
directions during fish storage, suggesting that the mean ratios of these two peaks may provide a
sensitive correlation with fish freshness decline during storage. Moreover, baseline fluctuations due
to experimental conditions affect both peaks similarly, thereby canceling each other out; the ratio of
the two peaks is calculated. When I3 /14 was plotted against storage time, there was a linear increase
(black line) with R? = 0.95 (Figure 9), suggesting a fluorescence technique based on this ratio for
quantitative detection of the fish freshness status that is more intuitive and responsive to fish freshness
than the exponentially increasing K value (Figure 2).
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Figure 9. Changes of Ig/I4 during the storage time. Values shown are the means of 9 replicates with
standard deviation bars.

4. Conclusions

The results have demonstrated that a fish freshness index, based on front-face fluorescence
spectroscopy of fish scales, is a potentially rapid, sensitive and non-destructive means for assessing
fish freshness. Two major fluorescence signals at peak A and B from the scales of red sea bream with
an Ex/Em of 280/310 nm and 340/420 nm, respectively, were observed. Peak A was assigned to
tyrosine containing tyrosine residuals in proteins and free tyrosine from the skeleton and mucus of the
scale. Peak B was thought to be caused by collagen (mainly Type I collagen), which forms the basic
skeleton of the scale. When the intensity ratio of these fluorescence peaks (Ig/14) was plotted against
storage time, a linear increase (R? = 0.95) was found. Thus, this ratio offers a novel analytical means
for quantitative measurement of fish freshness status. In addition, this methodology potentially offers
valuable information to build a further preparation-free, direct, and non-destructive technique such as
a fluorescence multiplex sensor or imaging for assessing fish freshness, which is currently not offered
by other assessment methods.
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