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Abstract

FT-Raman spectroscopy (FT-RS) was used to investigate green tea’s potential protective effect 
as an antioxidant during frozen storage of Atlantic mackerel (Scomber scombrus). Atlantic 
mackerel was stored for more than 26 weeks at −10°C or –80°C (control), with or without green 
tea (GT). Raman analysis showed substantial changes in protein structure due to frozen storage, 
especially at the higher storage temperature (−10°C), compared with the findings at −80°C or 
−10°C with instant GT, indicated by a decrease in the tyrosine doublet ratio, a-helix content. 
O-H stretching band intensity, along with an increase in tryptophan band intensity and β-sheet 
structure. GT as an antioxidant at a concentration of ~250 ppm can protect the structure of fish 
proteins for a limited storage period. However, for optimal freshness, fish should be stored at 
very low temperatures.
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1. Introduction

Freezing and frozen storage are the major 
methods for protecting fish for extended 
periods; however, they can induce many 
changes. For example, studies reported that 
changes were induced in crushed fish by 
reduced muscle integrity, thus, permitting 
close interaction between cellular compounds 
and introduced oxygen (Hultin & Kelleher, 
2000; Sharanagat et al., 2019). Alterations in 
the texture of fish muscle by frozen storage 
yield hard, dry, and fibrous products (Badii & 
Howell, 2002; Romotowska et al., 2016; Saeed 
& Howell, 2002). These textural changes 
are mainly attributed to the denaturation and 
aggregation of myofibrillar proteins caused by 
ice crystals and lipid oxidation in tissues (Badii 
et al., 2004; Pereira de Abreu et al., 2012).

       Fish muscle contains efficient antioxidants, 
such as alpha-tocopherol (vitamin E), which 
stabilize unsaturated lipids. However, 
antioxidants lose their activity due to the 
consumption of antioxidants during the 
oxidative process (Rudy et al., 2016). Adding 
natural antioxidants (vitamin C, vitamin E, 
and rosemary) to fish muscle substantially 
minimizes protein denaturation, toughening, 
and lipid oxidation (Badii & Howell, 2000; 
Elgamouz et al., 2019). Natural antioxidants, 
including green tea (GT) polyphenols, 
have also been effective for preventing 
lipid peroxidation and thus inhibit protein 
denaturation and textural changes in chilled 
fish stored at 4°C for 10 days (Bora et al., 
2018; Tang et al., 2001). Many spectroscopic
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procedures, including Raman, infrared, and 
NMR spectroscopy, have been used to evaluate 
the quality of frozen stored fish. Raman 
spectroscopy (RS) has been considered an 
important analytical method within different 
biological and medical applications as it is 
non-destructive and, in principle, requires no 
sample preparation. In the food sector, RS is 
particularly valuable for measuring changes in 
proteins and intact tissues. The efficiency of 
RS depends on precise vibrational assignments 
for different bands in the spectrum, which are 
provided by the protein backbone and various 
side chains. RS can powerfully analyse 
proteins’ secondary structures and provide 
details about amino acids in protein side 
chains (Howell et al., 2001; Li-Chan et al., 
1994; Mandrile et al., 2016). The prominent 
protein bands assigned to skeletal stretching 
styles of groups are rich in electrons that affect 
the vibrational spectrum, such as vibrations 
related to the aromatic rings of tyrosine (Tyr), 
phenylalanine (Phe), tryptophan (Trp), and 
sulfur-containing cysteine (Cys) side chains. 
Also, the amide region has been used to 
characterize the secondary structure of proteins 
such as myosin, lysozyme (Diarrassouba et al., 
2015; Howell & Li-Chan, 1996), casein (Byler 
and Susi, 1988), whey and egg proteins (Fan et 
al., 2019; Ngarize et al., 2004).
     Tyr and Trp vibrational bands are sensitive 
to the microenvironment. Therefore, methods 
such as analyzing the differences in vibrational 
mode intensity and changes in the intensity ratio 
of Fermi resonance doublets have been used 
to obtain comprehensive information about 
aromatic side chains in the microenvironment. 
An example is the occurrence of a Fermi 
doublet, which is important in biochemistry 
and involves a pair of bands near 850 and 830 
cm−1 observed in the spectra of many proteins. 
The origin of the tyrosine doublet, the relative 
locations of its constituents of the phenyl 
ring, the H-bonding of phenolic OH, and the 
amino acid backbone conformation have been 
investigated (Jenkins et al., 2005). RS has 
been used to trace the variations in frozen fish 
muscle. Structural alterations were reported in 
proteins throughout frozen storage and a

decline in α-helices and an elevation in the 
level of β-sheets because of contact with 
hydrophobic aliphatic side chains (Badii & 
Howell, 2002; Herrero et al., 2004; Xiong et 
al., 2016). The protein structure changes can be 
changed because some polar amino acid-like 
tyrosin is exposed on the protein surface and 
interacts with water molecules as a hydrogen 
bond donor or acceptor.
    Therefore, the major spectral features of the 
water Raman spectrum in fish muscle were 
examined by studying the 3100 and 3500 
cm−1 regions associated with stretching in the 
OH group. Howell et al., 2001, found that the 
vibrational modes of D2O (2400 cm−1) were 
affected by corn oil in a lysozyme-corn oil 
emulsion. 
     Thus, in food emulsions, oil can affect water 
molecules and their structure, influencing 
protein groups and hydrophobic interactions. 
A small range of the spectrum (under 600 
cm−1) is associated with stretching and bending 
vibrations of the O (N)-H…O (N) units, which 
display intermolecular fluctuation bands 
resulting from connections between H-bonded 
water and biomolecules (Colaianni & Nielsen, 
1995; Yamamoto et al., 2019). To obtain 
information about the Raman spectrum, it was 
essential to classify marker bands representing 
protein interactions and structure. In this study, 
FT-RS was used to investigate GT’s potential 
protective effect as an antioxidant during the 
frozen storage of Atlantic mackerel.

2. Materials and methods

M & J Seafood (Farnham, UK) provided 80 
matched deboned and skinned (about 6 Kg) 
Atlantic mackerel (Scomber scombrus) fillets. 
Tokyo Nikken Foods Co. (Japan) provided the 
GT.

2.1. Sample preparation

To simplify the mixing of the antioxidants, the 
fillet samples were crushed and then separated 
into groups. One group was frozen at –80°C, 
the second group was frozen at –10°C and 
deprived of antioxidants and considered a
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negative control. In contrast, third and fourth 
groups were mixed with GT at a rate of 250 
or 500 ppm, respectively, and then frozen at 
–10°C. Samples were examined at time 0 and 
then at 4 and 26 weeks of storage to explore the 
changes in protein structure throughout frozen 
storage.

2.2. FT-RS measurement

Mackerel stored at −80 and −10°C, with and 
without antioxidants, was tested in a container 
(FBG-Anchor, London, UK) in PerkinElmer 
System 2000 FT-RS with excitation from an 
Nd: YAG laser at 1064 nm.
    Sulfur lines at 217 cm−1 calibrated the 
apparatus frequency. Three sample groups 
were examined with a laser power of 1785 
mW. The spectrum average was 198 scans, 
with a corrected, smoothed, and normalized 
phenylalanine band intensity at 1004 cm−1 
(Howell & Saeed, 1999; Li-Chan et al., 1994). 
Noted spectra were examined by Grams 32 
(Galactic Industries Corp., NH). The bands in 
the spectra relating to protein vibrational

modes were examined as described previously 
(Careche et al., 1999; Howell & Saeed, 1999; 
Li-Chan et al., 1994). Since phenylalanine 
shows a strong band at 1004 cm−1 for fresh and 
frozen muscle and is known not to be affected 
v band was used as an internal standard for 
normalization (Tu, 1986). The results are 
presented as mean ± standard deviation for 
each relative peak intensity of spectral bands.

2.3. Statistical analysis

Statistical analyses were carried out using 
SPSS (SPSS Inc., Chicago, IL, USA). Raman 
spectra of mackerel muscle were coared 
among groups using one-way ANOVA. A post 
hoc test was applied to recognize significance 
between groups. The results were considered 
statistically significant at p < 0.05.

3. Results and discussion

Figure 1 presents a Raman spectrum (600 – 
1800 cm−1) of fresh mackerel muscle, while 
Table 1 presents the assignments of the most 
prominent Raman signals. 

 Wavenumber region (cm−1)              Assignments
 760                                                       Trp
 830, 855                                               Tyr doublet
 937                                                       Helix C-C stretch, CH3 symmetric
                                                              stretch
 990                                                       β-sheet structure
 1034                                                     Phe, ring band
 1128                                                     Isopropyl anti-symmetric stretch
                                                              CH stretch backbone
 1160                                                     CH3 anti-symmetric  (aliphatic)
                                                              CH3 rock (aromatic)
 1239                                                   β-sheet
 1245                                                   Amide III (random coil)
 1264                                                   Amide III
 1320                                                   Amide II
 1340                                                   H-band doublet from Trp
 1425                                                   (Shoulder, residue vibration)
                                                              Asp, Glu, Lys
 1451                                                   Aliphatic groups, CH bend
 1554                                                   Trp
 1660                                                   Amide I
 2940                                                   CH stretch, aliphatic
 2888                                                   Shoulder
 2976 and 2969                           Shoulder

  Table 1. Major FT-Raman peak assignments for mackerel muscle.
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Fig.1. FT-Raman spectrum of fresh mackerel muscle in the 600–1800 
cm−1 region.
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Fig. 2.  FT-Raman spectra in the 600–1800 cm−1 region of mackerel muscle stored: (a) at−80°C, 
at −10°C with (b) 250 ppm instant GT or (c) 500 ppm instant GT, and (d) at −10°C without 

instant GT for (A) 4 weeks and (B) 26 weeks.
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Figure 2 (a – d) presents the Raman spectra 
(600 –1800 cm−1) of fish frozen at −80°C and 
−10°C with (b) 250 ppm instant GT, (c) 500 
ppm instant GT, and (d) without instant
     To identify the changes in protein structure 
resulting from the freezing of mackerel muscle, 
the changes in the tyrosyl doublet bands at 
850 and 830 cm−1 in Raman spectra were 
examined. The tyrosyl doublet band reflects 
the content of the phenyl ring environment, 
phenolic OH group status, and conformation 
of the amino acid backbone. Consideration 
of the comparative strengths of the doublet in 
model systems showed that the phenolic OH 
group is strongly hydrogen-bonded, weakly 
H-bonded, free, or ionized; the described 
Raman intensities of doublet bands identified 
in Raman spectra of numerous proteins were 
interpreted to provide details of changes in 
the microenvironment about the tyrosine (Li- 
Chan, 1994). When tyrosine is seen, the ratio 
will be high (0.9 –1.45), while little relationship 
indicates strong H-bonding.
    Frozen fish muscle displayed an overall 
increase in the intensity ratio of tyrosine doublet 
bands, in a manner dependent on storage time 
and temperature (Figure 3). The increase 
occurred mainly in the group stored at −10°C 
with no instant GT (0.857±0.08) compared 
with the control group stored at −80°C (0.695 ± 
0.06) (p<0.001), or the group stored at −10°C. 
With 250 ppm instant GT (0.698 ± 0.003) 
(p<0.01) for 4 weeks. A substantial increase in 
the doublet ratio bands was observed after 26 
weeks of storage in all samples, but mainly in 
groups stored at −10°C treated with 500 ppm 
instant GT (0.974 ± 0.03) and left untreated 
(0.987 ± 0.17). The above results indicate that 
the hydroxyl group in the tyrosine residues 
participated in weak H-bonding, indicating 
that the protein was denatured.
     Also, in this study, changes in hydrophobic 
and aromatic groups were investigated. The 
intensities of 1363, 880, and 760 cm−1 bands 
were used to monitor the buried and exposed 
tryptophan residues (Miura et al., 1991). There 
was a steady reduction in the intensity of the 
tryptophan band at 760 cm−1 during storage in 
all groups (Figure 4). This intensity for

groups stored at −10°C without instant GT 
was significantly lower (0.26 ± 0.003) than in 
the group stored at −80°C (0.31 ± 0.023) (p < 
0.001). Besides, for the untreated group, the 
intensity of the 760 cm−1 bands was slightly 
lower than for those treated with 250 ppm 
instant GT (0.29 ± 0.007)  (p < 0.01) or 500 
ppm instant GT (0.28 ± 0.021) (p < 0.02) after 
26 weeks of storage. Similar results were 
observed in the 1450 cm−1 band (Figure 5), 
assigned to methylene asymmetric bending 
(H-C-H) or CH2 and CH3 deformation 
motions. Altered hydrophobic conditions 
around the aliphatic and aromatic side chains 
were used to detect damage-related changes 
in protein denaturation and cross-linking 
(Ang & Hultin, 1989). 
  A change in the secondary structure 
content was observed throughout storage 
by a decrease in the α-helix peak intensity 
(939 cm−1) (Figure 6). This reduction was 
significant upon comparison with the fresh 
sample (p < 0.05), but the α-helix band they 
have decreased in intensity only slightly in all 
samples during storage. There was an increase 
in ß-sheet peak intensity (990 and 1239 cm−1) 
(Figure 7a, b). The formation of ß- sheets 
may result from the bonding between C = O 
and NH groups that occurs when the protein 
unfolds or is denatured. An elevated level 
of ß-sheets and a reduced level of α- helices 
suggested protein-protein connections that 
were previously described for heat-denatured 
proteins (Howell & Li- Chan, 1996; Nagrize 
et al.,frozen stored muscle (Yamamoto et al., 
2019) Moreover, fish actomyosin (Ogawa et 
al., 1999), especially with frozen fish samples 
stored at −10°C without antioxidants. Studies 
of protein-lipid interaction have revealed that 
oxidized lipids cause damage to proteins, 
leading to texture changes and aggregate 
formation in fish muscle (Badii & Howell, 
2002; Saeed et al., 2006). The amide I band, 
located at approximately 1655 cm−1 (Krimm 
& Bandekar, 1986), was derived from C 
=O stretching and N-H bending vibrations. 
In proteins with increased α- helix content, 
the amide I band s usually centered around 
1645–1657 cm−1, while for proteins with 
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Fig. 3. Tyrosine doublet ratio for fresh and frozen mackerel fillets stored for 4 and 26 weeks: 
(a) at −80ºC, at −10ºC with (b) 250 ppm instant GT, or (c) 500 ppm instant GT, and(d) at −10ºC 
without instant GT. Each value is represented as mean±SD (n=3), * indicates significance at 

p<0.05 compared with a fresh sample.

Fig. 4. Tryptophan intensity (760 cm−1) for fresh and frozen mackerel muscle stored for          4 
and 26 weeks: (a) at −80ºC, at −10ºC with (b) 250 ppm instant GT or (c) 500 ppm instant GT, 
and (d) at −10ºC without instant GT as a control. Each value is represented as mean±SD (n=3), 

* indicates significance at p<0.05 compared with a fresh sample.

Fig. 5. Changes in the δ CH3, CH2, and CH stretch region (1450 cm−1) in fresh and frozen 
mackerel muscle stored for 4 and 26 weeks: (a) at −80ºC, at −10ºC with (b) 250 ppm instant GT 
or (c) 500 ppm instant GT, and (d) at −10ºC (without instant GT). Each value is represented as 

mean±SD (n=3), * indicates significance at p<0.05 compared with a fresh sample.
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Fig. 6. α-helix structure from a Raman band (939 cm−1) for fresh and frozen mackerel muscle 
stored for 26 weeks: (a) at −80ºC, at −10ºC with (b) 250 ppm instant GT or (c) with 500 ppm 
instant GT, and (d) at −10ºC without instant GT. Each value is represented as mean±SD (n=3), 

* indicates significance at p<0.05 compared with a fresh sample.

Fig. 7. ß-sheet structure from Raman bands: (A) 990 cm−1 and (B) 1239 cm−1 for fresh and 
frozen mackerel stored for 26 weeks: (a) at −80ºC, and at −10ºC with (b) 250 ppm instant GT 
or (c) 500 ppm instant GT, and (d) at −10ºC without instant GT. Each value is represented as 

mean±SD (n=3), * indicates significance at p<0.05 compared with a fresh sample.

Fig. 8. Raman spectra in the amide I region of mackerel muscle stored for 26 weeks: (a) at 
−80ºC, and at −10ºC with (b) 250 ppm instant GT or (c) 500 ppm instant GT, and (d) at −10ºC 

without instant GT.
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Fig. 9. Amide I region (1657–1662 cm−1) changes in fresh and frozen fish stored for up to 
4 weeks and 26 weeks: (a) at −80ºC, at −10ºC with (b) 250 ppm instant GT or (c) 500 ppm 
instant GT, and (d) at −10ºC without instant GT. Each value is represented as mean±SD (n=3), 

* indicates significance at p<0.05 compared with a fresh sample.

Fig. 10. Raman spectra (2800−3400 cm-1) of mackerel muscle stored for 26 weeks: (a) at
−80ºC, at −10ºC with (b) 250 ppm instant GT or (c) 500 ppm instant GT, and (d) at −10ºC 

without instant GT.

Fig. 11. Raman spectra OH/CH stretching band ratio of fresh and frozen mackerel stored for 
4 weeks and 26 weeks: (a) at −80ºC, at −10ºC with (b) 250 ppm instant GT or (c) 500 ppm 
instant GT, and (d) at −10ºC without instant GT. Each value is represented as mean±SD (n=3), 

* indicates significance at p<0.05 compared with a fresh sample.
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high levels of β-sheet  istructure, it is centered 
at 1665 – 1657 cm−1. Coil structured proteins 
show the amide I band.
       There was reduced amide I band intensity 
in all samples after 26 weeks compared 
with the result after 4 weeks, mainly in the 
group stored at −10°C with no instant GT 
(p < 0.01). In contrast, the groups stored 
at −80 and −10°C with instant GT showed 
fewer changes over time (Figure 9). After 
26 weeks of frozen storage, there were 
significant differences in the intensity of the 
amide  I  band  between the groups stored at 
−10°C with no instant GT (1.65 ± 0.14) and 
that kept at −80°C (3.04±0.05) (p < 0.01). 
Also, the intensity of the amide I band was 
significantly higher in samples treated with 
250 ppm instant GT than that of untreated 
samples stored at −10°C (p < 0.05) (Figure 
9).
    Normal spectral of mackerel muscle stored 
for 10 and 26 weeks with and without instant 
GT in the 3400–2800 cm−1 region are shown 
in Figure 10. Bands at 2900, 2940, and 
2980 cm−1 were assigned to CH stretching, 
including CH2 symmetric, CH2 asymmetric, 
and CH3 asymmetric stretching vibrations, 
respectively (Li-Chan et al., 1994), and the 
band at 3100–3500 cm−1 was assigned to OH 
stretching (Maeda & Kitano, 1995).
     A reduction was recorded in the O-H 
stretching water band of 3100 – 3500 
cm−1, revealing water loss (Figure 10). For 
samples stored at −80°C, the O-H band was 
more intense than the C-H band. In contrast, 
in the group stored at −10°C with no instant 
GT, the OH band was significantly less 
intense than the C-H band due to the loss 
of water and the exposure of proteins to the 
environment (Figure 11). O-H/C-H ratio can 
be used as a quality index to investigate the 
loss in quality resulting from storage under 
freezing conditions.
     The efficacy of antioxidants depends on 
many factors, such as concentration, mixing 

ability and activity in different lipid systems, 
and stability over time during processing 
(Shahidi & Zhong, 2011). It has also been 
found that very high levels of antioxidants 
act as pro-oxidants due to the regeneration of 
excessive levels of antioxidant free radicals 
(Sarkardei & Howell, 2008). In the present 
study, 250 ppm green tea was sufficient to 
prevent protein denaturation, while 500 ppm 
green tea showed a lower protective effect, 
which may resulting from  uneven  or a  
loss  in  the mixing of antioxidants with the 
sample, aswell as its possibility of acting as 
a pro-oxidant agent.

4. Conclusion

There were substantial changes in the 
protein structure due to frozen storage, 
especially at the higher storage temperature 
(−10°C), compared with −80°C or −10°C 
with instant GT. Raman spectra revealed 
protein denaturation, indicated by a decrease 
in the tyrosine doublet ratio, helix content, 
and O-H stretching band intensities, and an 
increase in tryptophan band intensity and 
β-sheet structure. These changes may be 
attributable to ice formation, crystal growth 
pattern, and lipid peroxidation throughout 
freezing and frozen storage, as reported in 
previous studies (Badii et al., 2004). GT 
as an antioxidant, at a concentration of 
approximately 250 ppm, can protect the 
structure of fish proteins for a limited storage 
period. However, for optimal freshness, fish 
should be stored at very low temperatures.
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