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A Tri-step infrared spectroscopy (Fourier transform infrared spectroscopy (FT-IR) integrated with second
derivative infrared (SD-IR) spectroscopy and two-dimensional correlation infrared spectroscopy
(2DCOS-IR)) combined with Principal Component Regression (PCR) were employed to characterize and
discriminate three marine fish surimi (white croaker surimi (WCS), hairtail surimi (HS) and red coat surimi
(RCS)). The three surimi had similar IR macro-fingerprints (similarity > 0.7) especially for the absorption
bands of amide groups. Compared to the other two surimi, however, RCS had a middle strong character-
istic peak of lipids at 1745 cm ™!, indicating that RCS had the highest content of lipids. SD-IR spectra of the
three surimi enhanced the spectral resolution and amplified the small differences, especially at about
1682 cm™',1679 cm™', 1656 cm ™' and 1631 cm™', suggesting that the three had different profiles of pro-
teins. Moreover, evident differences were observed in 2DCOS-IR spectra of 1500-1800 cm~'. WCS had one
strong (1620 cm™!) and three weak auto-peaks (1520 cm~', 1552 cm™!, 1706 cm™!). HS had three strong
(1621 cm™', 1648 cm™~!, 1708 cm~') and two weak auto-peaks (1523 cm~', 1553 cm™'), whereas RCS had
one strong (1623 cm™!) and three weak auto-peaks (1525 cm™?!, 1709 cm~?, 1738 cm™!). Furthermore,
sixty batches of surimi (twenty for each surimi) were objectively classified by PCR. It was demonstrated
that the Tri-step infrared spectroscopy combined with PCR could be applicable for discrimination of pre-
cious marine fish surimi in a direct, rapid and holistic manner.

© 2015 Elsevier B.V. All rights reserved.
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Introduction

“Surimi” is defined as a refined fish protein product prepared
mechanically by deboning, mincing and washing processes to
remove blood, lipids, enzymes and sarcoplasmic proteins,
dehydrated and then stabilized with cryoprotectants before
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ice-storage [1]. As a high-protein, low-fat and ready-to-cook fish
product, surimi is gaining more prominence worldwide. As surimi
loses the original appearance of the corresponding fish and feasible
industry standards and national standards to assess the merits and
adulteration of surimi are still lacking, driven by high economic
interests, surimi adulteration has been frequently occurring [2].

Surimi species identification is mainly based on fish species
discrimination. Structural proteins can reflect the genetic
characteristics differences of surimi species, so that fish protein
electrophoresis analysis techniques, fish protein immunoassay
techniques, DNA fingerprinting analysis techniques are generally
used to identify fish species [3,4]. However, most of these methods
are either time consuming, destructive or require well-trained
personnel, and are therefore not applicable for non-destructive
and rapid testing in contrast to spectroscopic techniques.

Fourier transform infrared spectroscopy (FT-IR) is a rapid,
non-destructive and easy to handle molecular spectroscopic
method with high signal-to-noise ratio and good repeatability
to analyze complicated mixture systems such as food, Chinese
herbal medicine [5-7]. Second derivative infrared spectroscopy
(SD-IR) can be used to handle severely overlapped spectra and
enhance the apparent resolution. If the differences in FT-IR and
SD-IR spectra are too small to tell, two-dimensional correlation
infrared spectroscopy (2DCOS-IR) can be employed to unfold
FT-IR spectra in a second dimension to identify the differences
more remarkably and convincingly [8]. With the holistic analyti-
cal method, “Tri-step infrared spectroscopy” (FT-IR combined
with SD-IR and 2DCOS-IR), extensive and exact analysis and iden-
tification of complicated mixture systems can be achieved [9].
Cluster analysis is the task of grouping a set of objects in such
a way that objects in the same group (called a cluster) are more
similar (in some sense or another) to each other than to those in
other groups (clusters). It is a main task of exploratory data min-
ing, and a common technique for statistical data analysis used in
many fields, including machine learning, pattern recognition,
image analysis, information retrieval, and bioinformatics [10-
12]. Among the methods of cluster analysis, Principle
Component Regression (PCR) is a reliable statistical method for
classification/discrimination of massive samples. As surimi is a
multi-component mixture, application of spectral classification
can better reflect the integrity of the sample.

In this study, we attempt to establish a method, Tri-step infra-
red spectroscopy combined with PCR, to comprehensively analyze
and appraise three species of marine fish surimi, white croaker
(Argyrosomus argentatus) surimi (WCS), hairtail (Trichiurus hau-
mela) surimi (HS) and red coat (Nemipterus virgatus) surimi (RCS)
in a quick, effective and holistic manner.

Experimental
Apparatus

Thermo Scientific Nicolet iS5 spectrometer, equipped with a
DTGS detector, in the range of 4000-400 cm ™! with a resolution
of 4cm™!. Spectra were recorded with 16 scans. The interferences
of H,0 and CO, were subtracted when scanning. The heated plate
for the multiple reflection Horizontal ATR units (HATRPlus) con-
tains two cartridge heaters used to heat the crystal plate and
ensure even heating of the crystal and the sample. The tempera-
ture of the block is monitored and controlled by a Resistive
Thermal Detector (RTD).

Kjeltec 8400 Analyzer Unit (Foss, Sweden); Soxtec2050 (FOSS,
Denmark); Blast Oven DHG-9140A (Shanghai HuiTai Instrument
Manufacturing Co., China); Muffle furnace SXL-1002 (Shanghai

Jing Hong Experimental Equipment Co., China); Freeze Dryer
BTP-3XLOVX (Virtis, American).

Materials

Three frozen AAA grade marine fish surimi (white croaker
(Argyrosomus argentatus) surimi (WCS), hairtail (Trichiurus hau-
mela) surimi (HS) and red coat (Nemipterus virgatus) surimi
(RCS)) were collected from Shanghai Caixing Food Company.

Procedure

Chemical composition analysis

Moisture content was determined using method namely
oven-dry (AOAC 950.46, 2007). The fat content of the sample was
determined as free fat, and extracted from sample by Soxhlet
(AOAC 960.39, 2007) using ether as solvent. Protein content was
estimated from nitrogen (N x 6.25) using constant Kjeldahl
method (AOAC 981.10, 2007). The ash content of the sample was
determined using methods called Muffle furnace ashing (AOAC,
938.08, 2007). TVB-N content was estimated as follows: 5.0 g of
each sample (WCS, HS and RCS) was placed in digestive tract,
adding 0.5 g Magnesia, and determined by automatic Kjeldahl
analyzer (see Fig. 1).

IR acquisition

WCS, HS and RCS was thawed overnight at 4 °C [13]. Then the
surimi was freeze-dried for 24 h and pulverized into fine powder;
1-2 mg of each sample was blended with KBr powder, ground
again, and pressed into a tablet. The FT-IR spectra of all samples
were collected at room temperature. The raw FT-IR data was pro-
cessed with Omnic spectrum software (Version 9.2.106) of
Thermo FT-IR spectrometer. All the second derivative IR spectra
were obtained after 13-point smoothing of the original IR spectra.

2DCOS-IR acquisition

The thawed surimi samples were placed in ATR accessory, con-
nected with the temperature controller. The temperature range
was from 30°C to 70°C and the dynamic original spectra at
different temperatures were collected at an interval of 5 °C.
2DCOS-IR spectra were obtained by analyzing the series of
temperature-dependent dynamic spectra with 2DCOS-IR
correlation analysis software designed by Thermo (Nicolet iN10
SpectraCorr).

Cluster analysis

60 samples (20 for each surimi) were also freeze-dried for 24 h
and pulverized into fine powder; 1-2 mg of each sample was
blended with KBr powder, ground again, and pressed into a tablet.
Cluster analysis was carried out by using PCR (PerkinElmer, UK)

and the region was conducted in the range of 1800-800 cm™ .

Results and discussion
Chemical analysis of three surimi

The contents of proteins, lipids, moisture, ash and TVB-N have
analyzed and the results are summarized in Table 1.

IR spectra of three surimi
Surimi mainly consists of proteins in dry weight (Table 1).

Generally, the peaks in amide I absorption bands (~1655cm™!)
and amide II absorption bands (~1544cm™!) are prevalently
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Fig. 1. The scheme of experimental design.

Table 1 . ) o strong and subsequently the spectra of three species of surimi are
Chemical composition of three species of surimi. similar (spectral correlation coefficient >0.7) (Fig. 2), despiting
Chemical composition ~ HS WCS RCS that the position, intensity, and shape of some peaks in the conven-
Proteins (%) 19.83+0.16°  1571+0.13" 14.84 +0.13¢ tional IR spectra are different. Compared to the other two surimi,
Lipids (%) 0.18 £0.02" 0.25 £0.05° 0.47 +£0.02° however, RCS has a middle strong characteristic peak of lipids at
ll;/k})]ist;re (%) 72)-2; fg-(l)i: 73-22 fr 8-gg; 73-23 fg-}i: 1745 cm™!, indicating that the lipids content in RCS is higher than
T\S/B_(I\;’>(mg/]00 o) 457 £0.12° 332 +0.18° 3.96 4 0.26¢ those in the other two surimi. This finding was confirmed by our

chemical composition studies (Table 1). In addition, absorption
Note: Values in the table denote the mean * standard error; different superscript peaks at 1053 cm !, 993 cm ! and 925 cm ™! belonged to white

lgtte.rs in the samg line represe.nt. significant dlfferen'ce;v Figures in bold indicate a sugar characteristic peaks can be found in the three surimi,
significant increasing trend of lipids for the three surimi from HS to RCS.
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Fig. 2. IR spectra of hairtail surimi (HS), white croaker surimi (WCS) and red coat surimi (RCS). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Table 2 suggesting that white sugar was added in three surimi during pro-
The preliminary assignment of main characteristic absorption peaks of FT-IR spectra cessing (see Table 2)
of surimi. ’

Peak position (cm™1) Base group and vibration mode Main attribution

Second derivative IR spectra of three surimi

2930 Vas(C—H) CH;

1745 vs(C=0) Carbonyl group

1698-1612 ¥(C=0) Protein Generally, second derivative IR spectroscopy can enhance the

122-1553 E’éc;’\)‘) g_‘;te'cf]‘_l spectral resolution by amplifying tiny differences in IR spectra.
—] 3, 2 1 -

1053, 993, 925 WC—0) White sugar Some overlapped absorption peaks and shoulder peaks can be sep

arated by using second derivative spectral analysis [14]. Fig. 3
Note: v, stretching mode; §, bending mode; s, symmetric; as, asymmetric. shows the second derivative spectra of WCS, HS and RCS. The sec-
ond derivative IR spectra show differences concerned with peak

Lipids (C=0) Protein (C=0O,N-H)
=7 r|——————————= A HS
_ | | I |
- : | I I
i I 12 |
I 579
E I 1737 103 1679 1640 | 1T 1492 |/ 1461
R 1 1666 \ 1631 1618 1556 1336 1313 4
4 po8 1656 | 1563 1501 1454
I I 1693 1649 I WCS
o 1
O : I I
% 1 |
2 | |
o
v
2
g |
.
g |
: | 1469 1455
E 1693
|1748| —————————————
% T T T T T ~
1780 1750 1700 1650 1600 1550 1500 1446

Wave number/cm-1

Fig. 3. Second derivative spectra of hairtail surimi (HS), white croaker surimi (WCS) and red coat surimi (RCS) in the region of 1800-1400 cm™'. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Second derivative spectra of hairtail surimi (HS), white croaker surimi (WCS) and red coat surimi (RCS) in the region of 1710-1600 cm™". (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 3 Table 4
Auto-peaks in 2DCOS-IR synchronous spectra of WCS, HS and RCS. Parameters for model based on PCR.
Surimi Autopeaks (cm™1) Parameters Values
White croaker 1520 1552 1620 1706 Analysis range 1800-800 cm ™!
Hairtail 1523 1553 1621 1648 1708 Scaling (spectra) Mean
Red coat 1525 1623 1709 1738 Smooth -

Notes: Peaks in bold are the strong auto-peaks; peaks in underline are in negative
correlation with other auto-peaks.

position particularly in the range of 1800-1400 cm™!, and espe-

cially the differences on lipids content of three surimi become
more apparent. In 1710-1600 cm ! of amide I absorption band,
different peak positions, shapes and intensities indicate that the
three have different profiles of proteins (Fig. 4). Compared to the
other two surimi, HS has strong absorption peaks at 1679 cm !,
1656 cm~! and 1631 cm™!, while the peak at 1682 cm~! in WCS
and RCS is much stronger. Moreover, HS has the strongest absorp-
tion peaks at 1461 cm™!, 1433 cm™! and 1422 cm™!, sequentially
followed by WCS and RCS. Thus, these three species of surimi
can be further differentiated by their second derivative IR spectra.

2DCOS-IR spectra of three surimi

In order to identify differences among the three surimi more
convincingly, 2DCOS-IR has been employed in the range of 1800-
1500 cm™'. 2DCOS-IR spectroscopy can improve the resolution of
spectrum and provide more information by showing the influences
of the perturbation on each of molecules in the sample and then
processing the data by a mathematical correlation analysis tech-
nique [15-18]. The 2DCOS-IR correlation spectra illustrate the sen-
sitivity for each IR band or functional group and correlation
between the functional groups, as well as the sequence of
responses, when the investigated system is subjected to a given
perturbation. The peaks (auto-peaks and cross-peaks) in the syn-
chronous 2D correlation spectrum represent the coincidence of
the spectral intensity variations at corresponding variables along
the perturbation and can be used to authenticate differences
between samples. In 2DCOS-IR spectra, positive correlation

First derivative, 5 point
SNV de-trending

Baseline correction
Normalization

0.24 _
X185
0.2 ]
X
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0B — o0 02 034

PC 3 (4.14%)

Fig. 6. Classification plot of PCR analysis for FT-IR data of 20 WCS, 20 HS and 20
RCS.

(red/green area) indicates that a group of absorption bands change
simultaneously (either stronger or weaker), while negative correla-
tion (blue area) is just the reverse [19].

The differences among three surimi can be described further
through the synchronous 2DCOS-IR spectra. Fig. 5 are the syn-
chronous 2DCOS-IR spectra of three surimi in the range of 1800-
1500 cm™ . For easy comparison, the information (peak positions,
relative intensities) and correlationship of auto-peaks are summa-
rized in Table 3. During the temperature increasing from 30 °C to
70 °C, WCS has one strong auto-peak at 1620 cm~! and three weak
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Fig. 7. Plot of PC1 (left) and PC3 scores (right).

auto-peaks at 1520 cm~', 1552 cm™! and 1706 cm™'. HS has three
strong auto-peaks at 1621 cm™!, 1648 cm~! and 1708 cm™! and
two weak auto-peaks at 1523 cm™! and 1553 cm™!, whereas RCS
has one strong auto-peak at 1623 cm~! and three weak
auto-peaks 1525 cm~!, 1709 cm™! and 1738 cm~!. Form the all
above, heat-sensitivities of the proteins and lipids in three surimi
are different, resulting in the evident differences among the
2DCOS-IR spectra. Therefore, the three surimi have respective
unique fingerprints in the range of 1800-1500 cm~' which can
be used as an exclusive range for the identification of three species
of surimi.

Cluster analysis

To establish a convenient classification model for the three sur-
imi, sixty parallel samples (20 WCS, 20 HS and 20 RCS) were inves-
tigated and the range of 1800-800 cm ! was selected for principal
component regression (PCR). The parameters for establishing sur-
imi classification model are summarized in Table 4.

The three surimi were completely separated (Fig. 6). The disper-
sion degree of the result reflects component uniformity of the three
surimi: RCS samples show obvious variations suggesting that RCS
is inhomogeneous, mainly related with the fluctuation of lipids
content (Fig. 7). This inhomogeneity impact greatly on surimi qual-
ity which is worth of further investigation. Since RCS contains
much more lipids than the rest, which leads to completely separa-
tion of RCS from the others. The approximate lipids contents of the
other two surimi lead to close PC1 scores. The above results
demonstrate that WCS, HS and RCS have been classified success-
fully using IR combined with PCR and the established model could
be used to evaluate the unknown surimi samples.

Conclusions

The three different species of surimi, WCS, HS and RCS, have
been quickly and effectively distinguished by the Tri-step infrared
spectroscopy combined with PCR. In IR spectra, the absorption
bands attributed to lipids is the main difference among WCS, HS
and RCS. According to fingerprint characters and peak intensity,
RCS has relatively higher lipids content comparing to WCS and
HS. With applying second derivative infrared spectroscopy, the
tiny differences among them have been enlarged. Different peak
positions, shapes and intensities in the range of 1710-1500 cm™!
indicate that the three have different profiles of proteins, including
secondary structure. Finally, through the synchronous 2DCOS-IR
spectra in the range of 1800-1500 cm™!, the clear distinctions

among the three species have been thoroughly visualized.
Moreover, sixty different surimi samples (twenty for each) have
been successfully classified by Principal Component Regression
(PCR).

It has been demonstrated that the Tri-step infrared spec-
troscopy combined with cluster analysis could be a scientific and
powerful tool for rapid discrimination and identification of differ-
ent species of surimi in a holistic manner.
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