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Abstract

Raman spectroscopy data have been compared to different traditional methodologies such as protein solubility, apparent viscosity,
water holding capacity, instrumental texture methods, dimethylamine content, peroxide values, and fatty acid composition commonly
used to determine quality in fish and meat muscle treated under different conditions of handling, processing and storage through the
changes of proteins, water and lipids of muscle food. It has been shown that Raman spectroscopy data are related to the results obtained
with these traditional quality methods and could be used to evaluate muscle food quality. In addition, Raman spectroscopy provides
structural information about the changes of proteins, water and lipids of muscle food that occur during the deterioration. Raman
spectroscopy can also be used for determining muscle food identification. Besides, this spectroscopy technique has several advantages
compared to traditional methods since it is a direct and non-invasive technique which requires small portions of sample.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last decade, the interest in establishing the most
adequate methods to assess the quality in food has
increased. These interests are associated with new techno-
logical advances, the increasing interest in quality of
consumer goods, the increasing of R&D laboratories in
the industry and the establishment of more regulations
and standards for food in general and for meat and fish
in particular. All these conditions helped to make the
industry more quality conscious and so, it also resulted in
the steady growth of quality control (Grunert, Bredahl,
& Bunsø, 2004; Müller & Steinhart, 2007; Röhr, Lüddecke,
Drusch, Müller, & Alvensleben, 2005). Therefore, the
establishing of an adequate measurement of food quality
poses an important problem not only for the industry
(producer and manufacturer), but also to the interests of
distributors, retailers, consumers and authorities. Also
the trend today is that consumers have become more
exigent for information about the products they purchase.
Consumers are not only interested in the composition or
quality of the products, but also in their origin and how
they have been handled, processed and stored and there
are also questions of authenticity when the product is
processed like filleted fish or pasties meat, where distin-
guishing the origin of the products or determining their
species may be difficult. All these circumstances could be
controlled by the traceability in the production chain, how-
ever, some of the analytical methods used are expensive
and time consuming (Anklam & Battaglia, 2001; Grunert
et al., 2004; Monin, 1998; Müller & Steinhart, 2007; Röhr
et al., 2005).

The term quality is often used in different senses and
meanings. Quality may be defined as the totality of features
and characteristic of a product that bear on its ability to
satisfy a given need. There are many other definitions of
quality in the scientific literature. Botta (1995) listed some
of them and presented their main qualities with respect to
seafood: safety, nutritional quality, availability, conve-
nience and integrity, and freshness quality. This quality
concept could be applied to muscle food in general includ-
ing meat and meat products. Other authors also include a
wide range of other aspects of quality such as value for
money, legal value, technological value, socio-ecological
value and even psychological, political, and ecological
qualities according to their particular expertise and inter-
ests (Bremner, 2000). In this respect, the concept of food
quality should be based on the manufacturer’s, the con-
sumer’s, the surveillance and legislative bodies’ different
demands (Anklam & Battaglia, 2001; Grunert et al.,
2004; Röhr et al., 2005). Therefore, there are both an objec-
tive and a subjective interpretation of the quality. The
objective interpretation is related to the material properties
which can be described and measured objectively. For
example, it has been established that when the concept of
meat quality is analyzed it is composed of a number of fac-
tors like color, tenderness, taste and others (Monin, 1998;
Ólafsdóttir et al., 1997). On the other hand, there are other
subjective definitions depending on the consumer’s opinion
and appreciation. In the case of the processor, the concept
of poor quality for him may mean too small or too large a
meat, too firm or too soft, but most often, quality is synon-
ymous with freshness or the degree of microbiological
spoilage which the muscle food has undergone. It may also
involve safety aspects such as being free from harmful bac-
teria, parasites or chemical compounds. Once the meat or
fish has been processed, quality will relate to other charac-
teristics: nutritional aspects, such as good balance in their
amino acid composition, sanitary aspects, such as the num-
bers and types of bacteria, occurrence of parasites and
presence of preservatives, processing aspects such as size,
texture, etc. and finally those aspects involved in consumer
acceptance, mainly organoleptic attributes such as color,
odor, flavour, etc. (Anklam & Battaglia, 2001; Grunert
et al., 2004; Röhr et al., 2005).

The loss of these qualities in muscle food like meat and
fish is very fast since this muscle is highly perishable due to
the influence of numerous ante- and post-mortem factors,
and unless it is preserved in some way it easy becomes ined-
ible. There have been many processes and technologies
applied to prolong the shelf life of these products, but they
all created new problems as several days may pass until the
obvious signs of spoilage appear. The behaviour of the
food products during the deterioration or lost of quality
is very complex and it is a consequence of the variation
in main components of muscle food such as proteins,
water, lipids, etc. In this respect, for example during pro-
cesses such as freezing and frozen storage, it is accepted
that myofibrillar proteins suffer denaturation and/or aggre-
gation due to various factors: partial dehydration by freez-
ing of water, concentration of solutes in the tissue,
formation of formaldehyde, or interactions of proteins
with lipids or their oxidation products (Sikorski & Kol-
akowska, 1994). These processes depend on other factors
too, such as storage time and temperature. The denatur-
ation and/or aggregation of myofibrillar proteins during
frozen storage are accompanied by loss of muscle food
quality which is determined by methods that measure
changes occurring in texture and functional properties of
myofibrillar proteins. There exist several traditional meth-
ods to determine functionality of proteins such as solubil-
ity, apparent viscosity, extractability, water holding
capacity (WHC), etc. Various methods have been devel-
oped to measure textural modifications such as texture pro-
file analysis, Kramer shear-compression cell method,
puncture test, Warner–Bratzler cell method, stress-relaxa-
tion test, tensile test, etc. (Bourne, 2002). Other methods
have been also used to determine quality of fish muscle
such as dimethylamine content (DMA) which is produced
in certain fish species (gadoids) by the degradation of tri-
methylamine-N-oxide (TMAO) to dimethylamine (DMA)
and formaldehyde and they have been related to denatural-
ization and aggregation of myofibrillar proteins and mod-
ifications of muscle texture during frozen storage.
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Other related changes in proteins of meat and fish are
those that can be observed in the water and which also lead
to the loss of quality. In this respect, the WHC is regarded
as an essential quality parameter which has been related to
important textural attributes such as juiciness. The WHC is
an important quality method in fish, and especially in meat,
for several reasons. Meat is sold by weight, thus any water
loss is economically undesirable. Also, the WHC influences
the appearance of fresh meat whilst on sale and might
affect the sensory properties of cooked meat, as high cook-
ing loss has been reported to make meat perceivably less
juicy. It has been also shown that there is a certain loss
of WHC during frozen storage and therefore a loss of fish
muscle quality. Moreover, it is well known that lipid con-
tent and fatty acid composition are also factors that influ-
ence the quality of meat and fish muscle. For example,
pork meat is susceptible to oxidative deterioration, depend-
ing on the degree of unsaturation in the pork lipids. Prod-
ucts with high degree of unsaturation are more susceptible
to lipid oxidation and hence off-flavour development with
the subsequent rejection by the consumer. Hence the
importance of controlling the lipids content to avoid prob-
lems during storage and processing of muscle foods such as
detrimental changes in flavour, texture and odour, collec-
tively known as organoleptic changes, and rancidity (Ólafs-
dóttir et al., 1997). Many techniques are available for
assessing the extent of lipid oxidation in muscle food.
These methods have traditionally been divided into those
that measure primary changes such as peroxide values,
which determine the formation of hydroperoxides, and
those that measure secondary changes such as TBA test,
which determine formation of malonaldehyde (Ruiz-Capi-
llas & Moral, 2001). Therefore, the assessment of muscle
food quality is based on the measurement of all these
changes in the main muscle components (proteins, water,
and lipids) with different methods.

In this sense, important efforts have been made in order
to improve the measurement of these modifications in meat
and fish by effect of processing and storage. It is essential to
controls not only for the raw materials but also for the final
products. Some control mechanisms and plans – e.g. haz-
ard analysis critical control point plans (HACCP) – have
been established, as mandated by the government. These
require stipulation of specific objective parameters of qual-
ity. However, in order to establish standards and unifor-
mity in measurement and assessment of quality, it is
necessary to have objective methods for measuring specific
quality attributes. In this way, there exist sensory, microbi-
ological, physical, chemical and biochemical objective
methods commonly used to evaluate the changes which
are associated to the loss of quality of muscle food (meat
and fish) (Monin, 1998; Ólafsdóttir et al., 1997). However,
these methods have some disadvantages, they normally
increase costs, they are time consuming, the information
they provide is limited, toxic substances for the preparation
of samples are used, application in situ is not possible, they
are destructive, etc. The current tendency of investigations
in this field is directed to look for methods that ideally fulfil
a series of requirements like speed, non-destructive, porta-
ble and of application on line. In this way, spectroscopic
methods have gained importance in the evaluation of food
quality since they could solve some of the problems pre-
sented by the traditional methods used to evaluate muscle
food quality, since spectroscopic techniques have the prop-
erty of being direct, non-destructive or non-invasive (Li-
Chan, 1996).

For that reason, an interest objective of this revision is
to analyse if the Raman spectroscopy could be individually
applied for evaluation of muscle food quality in substitu-
tion of traditional methods by evaluating the changes that
originate in the components of muscle food (fish and meat)
due to the effect of different processes of manufactures such
as handling, processing and storage, which are responsible
for the loss of quality of the product. Ultimately, the pur-
pose is to evaluate the possibilities of Raman spectroscopy
as a potential tool for the assessment of muscle food qual-
ity systems in order to arrange one effective quality assur-
ance system.

2. Traditional methods for muscle food quality assessment

Traditionally, the evaluation of quality in muscle food
has focused on the evaluation of the possible presence of
microorganisms of public health significance and on offer-
ing an impression of the hygienic quality of the fish and
meat during handling, processing and storage. Microbial
methods are extensively used to assure that muscle food
complies with mandatory standards or guidelines for a
number of pathogenic or other microorganisms, e.g. in
relation to international trade. However, microbiological
data will generally not give any information about eating
quality and freshness. Traditional microbial methods have
several drawbacks. They are laborious, time consuming,
costly and require a complex process of sample prepara-
tion. Some rapid microbiological methods have been devel-
oped during the last decade and some of these automated
procedures could be used. However, in the majority of
rapid methods large numbers of samples are needed.
Therefore, it is recommended that such analyses be limited
in number and extent.

Sensory analysis is also another important and common
method to evaluate quality of fish and meat muscle since
the consumer is the ultimate judge of quality of a product
(Lee & O’Mahony, 2005). Sensory evaluation is defined as
the scientific discipline used to evoke, measure, analyse and
interpret reactions to characteristics of food as perceived
through the senses of sight, smell, taste, touch and hearing.
It is important to notify that sensory evaluation has a sub-
jective connotation, however, although this evaluation
could be performed scientifically under carefully controlled
conditions so that the subjective effects may be reduced. In
this sense, the sensory methods used to evaluate muscle
food quality have evolved throughout the years. The use
of structured scaling for muscle food quality assessment
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and profiling is now common for a detailed description of
one or more sensory attributes. In this respect, in the meat
industry schemes are developing and are beginning to
embrace all the quality aspects that are important to meat
quality: appearance, colour, tenderness, juiciness and
aroma or flavour (Wood, Holder, & Main, 1998). In the
case of fish, the most commonly used method for fish qual-
ity sensory assessment is the EU-scheme (Council Regula-
tions (EC) No. 2406/96, 1996). However, this only uses
general parameters and it has been criticised for being
too broad and not being able to distinguish more than
three quality levels. Therefore, new improved quality grad-
ing systems that are both rapid and objective such as the
quality index method (QIM) have been developed for var-
ious fish species (Herrero, Huidobro, & Careche, 2003;
Martinsdottir, Luten, Schelvis-Smit, & Hyldig, 2003).
However, the sensory analysis, like the microbial methods,
is time consuming, expensive, and can only be performed
by well-trained experts, and apart from that, it is not pos-
sible to use sensory panels as a routine quality assurance
method to determine muscle food quality. Therefore,
instrumental methods as an alternative to sensory and
microbial analysis for determining meat and fish quality
are necessary, in order to facilitate and improve quality
determination for the processor and the inspector/con-
sumer. The objective of methods like biochemical and
physico-chemical methods for the evaluation of muscle
food quality is related to the ability to set quantitative stan-
dards. The establishing of tolerance levels of chemical
spoilage indicators would eliminate the need of basing deci-
sions regarding product quality on personal opinions. Of
course, in most cases sensory methods are useful for iden-
tifying products of very good or poor quality. Thus, bio-
chemical and physico-chemical methods may best be used
in resolving issues regarding products of marginal quality.
In addition, biochemical/chemical indicators have been
used to replace more time consuming microbiological
methods. Such objective methods should, however, corre-
late with sensory quality evaluations and the chemical com-
pound to be measured should increase or decrease with the
level of microbial spoilage or autolysis. Nevertheless, most
of this chemical and physico-biochemical methods are also
time consuming and destructive, and it is not possible to
apply on line during handling, processing and storage. This
is the main reason why in the last few years great efforts
have been made in order to improve the methodology for
the measurement of the objective quality of fish and meat,
in order to find some methods that solve all this disadvan-
tages in the traditional methodology and may become suf-
ficiently robust, rapid, and non-destructive or non-invasive
for quality assessment of muscle food. In this respect, the
use of spectroscopic techniques have several advantages
compared to the traditional methods due to the fact that
they are direct, non-destructive or non-invasive and their
application in situ is possible (Li-Chan, 1996). That is the
reason why they have increased their importance in the
determination of food quality.
3. Raman spectroscopy to determine structure of muscle food

components

There are different spectroscopic methods, such as circu-
lar dichroism, fluorescence spectroscopy, nuclear magnetic
resonance, Raman and infrared spectroscopy to provide
structural information of biological samples (McKelvy
et al., 1996; Pelton & McLean, 2000; Schweitzer-Stenner,
2006). Among them, Raman spectroscopy is very valuable
for determining structural information of solid samples and
aqueous solutions. This spectroscopic technique is also
often used in chemistry to identify substances or to study
changes in chemical bonding. Raman spectroscopy
requires a well-developed protocol for calibrating both
the wavelength and the intensity. A calibration procedure
ensures such long-term stability and provides reliable rela-
tive intensities which are valuable for quantitative analysis.
Raman frequency standards such as sulphur have been
used to calibrate the frequency. It has been shown that
an internal patron could be employed for calibrating the
intensity. Actually, it has been developed commercial cali-
bration accessories which makes wavelength and intensity
calibrations fast, simple, and accurate. Raman spectra
exhibit well-resolved bands of fundamental vibrational
transitions, thus providing a high content of molecular
structure information of several compounds. Raman spec-
troscopy provides information mainly about secondary
and tertiary structure of proteins (Herrero, in press; Li-
Chan, Nakai, & Hirotsuka, 1994; Pelton & McLean,
2000; Tuma, 2005) and has proven to be a powerful tech-
nique for investigating the structure of water and lipids
(Colaianni & Nielsen, 1995; Maeda & Kitano, 1995; Ozaki,
Cho, Ikegaya, Muraishi, & Kawauchi, 1992). In this sense,
Raman spectroscopy can be used in food analysis since it
has several advantages such as being a non-destructive
method and not requiring any pre-treatment of samples,
further to this, small portions of sample are required, it
provides information about different food compounds at
the same time and not only does it offer qualitative and
quantitative analysis of food components but also it allows
their structural analysis.

3.1. Raman spectroscopy and structure of proteins

The spectral assignments of proteins Raman bands are
usually based on model compounds such as amino acids
or short peptides. Raman spectroscopy can provide infor-
mation on the secondary and tertiary structure of proteins
in solid samples (Li-Chan et al., 1994) like muscle food.
The most useful Raman bands for determining the second-
ary structure of proteins are amide I (1645–1685 cm�1) and
amide III bands (1200–1350 cm�1) (Fig. 1) since they are
composed of contributions from a-helix, b-sheet, turns
and random coil structures (Herrero, in press; Li-Chan,
1996; Li-Chan et al., 1994; Pelton & McLean, 2000;
Schweitzer-Stenner, 2006; Tuma, 2005). Generally speak-
ing, proteins with high a-helical content show an amide I



Fig. 1. Typical Raman spectra in the 1200–1800 cm�1 region of fish
muscle (hake). Adapted to Careche et al. (1999).
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band centred around 1650–1658 cm�1 while those with pre-
dominantly b-sheets structures show the band at 1665–
1680 cm�1, and a high proportion of random coil or disor-
der structure are attributable to proteins with an amide I
band centred at 1660–1665 cm�1. Estimates of protein sec-
ondary structure percentages can be made from the amide I
profile. The intensity of the amide III band is difficult to
interpret by the fact that vibrational spectroscopy of pro-
teins produces a complex pattern of bands in the range
1225–1350 cm�1. This is due to the fact that frequency
ranges that are characteristics of b-sheet (1230–
1245 cm�1) and random coil (1240–1255 cm�1) overlap to
some extent. Another way of looking at the secondary
structure of protein, and confirming the protein structure
elucidated by amide I band, is by using the CAC stretching
vibrations near 890–1060 cm�1, which are characteristic of
a-helices (890–945 cm�1) and b-sheets (1020–1060 cm�1)
structure.

The information about proteins tertiary structure is pro-
vided by local environments such as tryptophan (544, 577,
760, 879, 1014, 1340, 1363, 1553 and 1582 cm�1), tyrosil
doublet (855 and 828 cm�1), and aliphatic hydrophobic
residues assigned at 1450 cm�1 (CH2 and CH3 bending
vibrations) (Fig. 1) and at 2930 cm�1 (CAH stretching,)
bands (Fig. 2a) in the Raman spectra provide information
about tertiary structure of proteins (Herrero, in press; Li-
Chan, 1996; Li-Chan et al., 1994).

3.2. Raman spectroscopy and structure of water

Raman spectroscopy can be used for determining the
structure of water in solutions of biological macromole-
cules and complex biological systems, including muscle
fibres. A water broad Raman band between 3100 and
3500 cm�1 which is attributable to OH stretching motions
has been described (Fig. 2a) (Maeda & Kitano, 1995). Also,
a Raman band in the low-frequency range (below
600 cm�1) related to intermolecular water and protein
librations and restricted translational motions involving
the bending and stretching vibrations of the
O(N)AH� � �O(N) units has been described. This spectral
range below 600 cm�1 shows intermolecular fluctuation
bands which are due to interactions of hydrogen bonded
to water and protein molecules (Colaianni & Nielsen,
1995; Maeda & Kitano, 1995).

3.3. Raman spectroscopy and structure of lipids

Fatty acids in lipids and their degree of saturation can
influence the intensity and location of bands in the Raman
spectra of the lipids (Baeten, Meurens, Morales, & Apari-
cio, 1996; Li-Chan, 1996; Ozaki et al., 1992). Raman
bands observed in fats and oils near 1750, 1660, 1470,
1443, 1306, and 1269 cm�1 are assigned undoubtedly to
the C@O stretching modes, C@C stretching modes, CH2

scissoring modes, CH2 twisting modes, and CH in plane
deformation modes of lipids. The frequencies of the
C@C stretching bands of unsaturated fatty acids are very
sensitive to the configuration around the C@C bond, trans

and cis unsaturated fatty acids give the C@C stretching
band in the 1670–1680 and 1650–1665 cm�1 regions,
respectively. It has been demonstrated that the iodine
value, which is a number widely used to indicate the unsat-
uration level of fat-containing food products, can be esti-
mated directly by measuring the Raman spectra of the
food. In particular, it has been noted that oils with high
iodine values provide an intense C@C stretching band
(1660 cm�1). Some authors has also suggested that a com-
parison in the 1500–1700 cm�1 region gives a practical
guide for the examination of the unsaturation level of
fat-containing food products (Li-Chan, 1996; Ozaki
et al., 1992). Besides, it has been shown that there are lin-
ear correlation between the iodine value and the intensity
ratio of two bands at 1658 and 1443 cm�1 (I1658/I1443)
due to the C@C stretching and CH2 scissoring modes.
Therefore, this ratio (I1658/I1443) may be used as a practical
indicator for estimating the degree of unsaturation of a
variety of foods containing lipids. It has also been
described that changes in lipid are related to modifications
in CAH stretching vibrations, which are normally seen
within the 2800–300 cm�1 region (Li-Chan, 1996; Ozaki
et al., 1992).
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4. Raman spectroscopy and traditional methods to asses

muscle food quality

4.1. Raman spectroscopy and sensory analysis methods

A preliminary investigation of the application of Raman
spectroscopy to the prediction of the results of sensory
analysis has been carried out (Beattie, Bell, Farmer, Moss,
& Patterson, 2004; Brøndum, Byrne, Bak, Bertelsen, &
Engelsen, 2000; Careche, Herrero, & Carmona, 2002; Mik-
kelsen et al., 1999). It has been studied the relationships
between Raman spectra data and results of warmed-over
flavour development during chill storage of pre-cooked of
porcine meat using partial least squares regression (PLRS)
(Brøndum et al., 2000). Results showed that Raman spec-
tra data in the 0–3000 cm�1 region correlated successfully
with sensory evaluations of flavour, some of the sensory
attributes of flavour such as astringent, metallic, monoso-
dium, sour, can be predicted by Raman spectroscopy with
some accuracy (Brøndum et al., 2000).

Other studies to correlate Raman spectra data with sen-
sory attributes such as juiciness and texture using PLSR have
been performed in cooked beef samples (Beattie et al., 2004).
A strong positive correlation between the aliphatic residues
region at 1460–1483 cm�1 (CH2 and CH3 bending vibra-
tions) of the Raman spectra and juiciness determined by sen-
sory analysis were found. These results could be indicated
that the most important factor determining juiciness may
be resulted from hydrophobic interactions of aliphatic resi-
dues. Besides, the results obtained with Raman spectroscopy
data and sensory analysis from the regression coefficients of
the PLRS models it was suggested that increased b-sheets
(amide I band at 1675 cm �1) and decreased a-helices
(CAC stretching vibration at 920–945 cm�1) were correlated
with increased juiciness. Therefore, it could be suggested
that these changes in secondary structure determined by
Raman spectroscopy can be related to juiciness estimated
by sensory analysis. Raman data showed also good correla-
tion with others texture sensory attributes such as toughness.
It was observed an increase intensity in the amide I
(1669 cm�1) and amide III (1235 cm�1) bands, which it
was correlated with and increase in b-sheets content in the
tough meat. Moreover, the Raman spectra showed that
the environment of trypthophan is more hydrophobic
(881 cm�1) and tyrosine more involved in hydrogen bonding
(855 cm�1) in the tough samples.

On the other hand, Raman spectra data have been
employed for identify modifications in some sensory attri-
butes such as general appearance of crustaceans such as
shrimp (Careche et al., 2002; Mikkelsen et al., 1999). Some
works reported the application of Raman spectroscopy to
obtain more information about the formation of white
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spots formed during frozen storage in shrimp shell which is
a common quality problem which affect mainly the appear-
ance of shrimp shell but not the taste or other eating qual-
ities. Firstly, it has been investigated the dried white spot
isolated from the shell of the shrimp and it was observed
a Raman band at 1070 cm�1 due to the totally symmetric
CO stretch which is attributed to ikaite (calcium carbonate
hexahydrate) which is initially formed in the shell of the
shrimp during frozen storage and subsequently, the ikaite
crystals dehydrate upon thawing at ambient temperature
and transform into a mixture of the calcium carbonate
crystal forms, calcite and vaterite (Mikkelsen et al.,
1999). The Raman spectroscopy has been used also to iden-
tified in situ these white spots on the shrimp shell (Careche
et al., 2002). Spectral results showed that ikaite (1071, 719,
278, 221 and 204 cm�1 bands) is the predominant calcium
carbonate crystal formed on the inner shell side during fro-
zen storage of shrimp, while ikaite crystals are accompa-
nied by significant amounts of calcite (1085 cm�1 band)
on the outer side (Careche et al., 2002).

4.2. Raman spectroscopy and physico-chemical methods to
determine muscle food quality

Raman spectroscopy has been compared to different tra-
ditional methodologies (protein solubility, apparent viscos-
ity, water holding capacity, peroxide values, fatty acid
composition, instrumental textural methods, etc.) to evalu-
ate quality in fish and meat muscle treated under different
conditions of handling, processing and storage through
the changes of proteins, water and lipids of muscle food.

4.2.1. Raman spectroscopy and methods to measure

modifications in proteins and water of muscle food

The protein changes occurring in isolated muscle pro-
teins (myosin) extracted from cod muscle by effect of the
addition of formaldehyde (FA) have been compared to
subsequent frozen storage at �18 �C during 8 days by
Raman spectroscopy and by the conventional measure-
ments of protein solubility determined by extraction of
muscle protein with 0.6 M NaCl at pH 7.0 (Careche &
Li-Chan, 1997). The decrease in the protein solubility by
more than 90% by effect of FA addition and frozen storage
was accompanied by protein structural changes reflected in
the Raman spectra (Careche & Li-Chan, 1997). The analy-
sis of the amide I region (centred at 1650 cm�1) and CAC
stretching band (940 cm�1) showed a decrease in the inten-
sity of these Raman bands which indicated a decrease in a-
helix structure from 95% to 60% by effect of FA addition
and frozen storage at �18 �C. Besides, changes in vibra-
tional modes assigned to aliphatic residues (CH stretching
neat 2940 cm�1 and CH bending near 1450 cm�1) were
observed which suggested involvement of hydrophobic
interactions after FA addition and frozen storage.

Other studies have related Raman spectroscopy with
other methods traditionally used to evaluate quality con-
trol of muscle food such as apparent viscosity, Kramer
shear-compression cell method and dimethylamine
(DMA) content (Careche, Herrero, Rodriguez-Casado,
Del Mazo, & Carmona, 1999; Herrero, Carmona, & Car-
eche, 2004; Herrero, Carmona, Garcı́a, Solas, & Careche,
2005). This studies have been carried out in situ in fish mus-
cle (hake) freezing and frozen storage during several
months at temperatures known to render very different
practical storage lives (�10 and �30 �C). At high frozen
storage temperature (�10 �C) a drastic decrease of �90%
of apparent viscosity was observed, which was determined
in a homogenate of thawed muscle obtained with 5% NaCl
and pH 7. DMA content was determined with a colorimet-
ric assay and a significant increase about of 80% in DMA
content was observed in samples frozen stored at �10 �C.
Similarly, the values of hardness, measure by Kramer
shear-compression cell method, increased (�20%) during
storage at high frozen temperature (�10 �C). These results
were related to Raman spectroscopy data involving sec-
ondary and tertiary protein structures. The changes in sec-
ondary structure were quantified mainly analysing amide I
spectral profile (1600–1680 cm�1) (Fig. 1) and 940 cm�1

band and the results showed an increase of b-sheet at the
expense of a-helix structure at both frozen temperatures
(�10 and �30 �C). Raman spectra also showed a decrease
of peak intensity at 759 cm�1 at �10 and �30 �C which
indicated changes in protein tertiary structure by exposure
to buried tryptophan residues. Moreover, changes in ter-
tiary structure were observed due to a decrease in the inten-
sity of the 1450 cm�1 band (CH2 and CH3 bending
vibrations) related to hydrophobic interactions of aliphatic
residues at both frozen temperatures (�10 and �30 �C)
(Careche et al., 1999; Herrero et al., 2004). It was also
observed that changes in tertiary structure were showed
by an intensity increase in the 2935 cm�1 band (mCAH
stretching band) (Fig. 2a and b) which is related to expo-
sure of aliphatic hydrophobic groups to the solvent (Herre-
ro et al., 2004). It is important to notify that all structural
changes were more pronounced at high frozen temperature
(�10 �C) but occurred at both storage temperatures (�10
and �30 �C), whereas changes in apparent viscosity,
DMA content and texture only occurred in samples storage
at �10 �C. Raman spectroscopy could be a technique more
sensible to determine modifications during frozen storage
of fish muscle compared to traditional methods used to
determine quality of muscle food, since spectroscopy tech-
niques are more sensible to study structural changes in the
muscle. In addition, Raman spectroscopy has the advan-
tage that the sample used can be intact and as no homog-
enisation or pre-treatment is required prior to analysis of
the samples. Moreover, some Raman bands directly related
to frozen storage time can be observed. In this way, there
was a trend of the intensity ratio of OAH/CAH Raman
bands (3100–3500 cm�1/2800–3100 cm�1) to increase dur-
ing frozen storage at �10 and �30 �C (Fig. 2c) (Careche
et al., 1999; Herrero et al., 2004). There also were Raman
bands more prone to changes due to frozen storage temper-
ature (2935 cm�1, CAH stretching vibration) and other
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bands (940 cm�1, CAC stretching vibration) more insensi-
tive to frozen temperature, but still presenting changes with
frozen storage time. This shows the potential for Raman
spectroscopy as a promising tool for establishing the time
and temperature of frozen storage of fish muscle. In this
respect, partial least squares regression (PLSR) models
obtained with Raman spectra data correlated with frozen
storage time and temperature support the suggestion above
(Herrero, 2004; Herrero et al., 2004).

Raman spectroscopy and the traditional study of water
holding capacity (WHC) have also been related in a study
in situ of fish muscle (hake) during frozen storage at �10
and �30 �C (Herrero et al., 2005; Pedersen, Morel, Ander-
sen, & Engelsen, 2003). The decrease in WHC (about 20%)
determined by a centrifugation method, with storage time
for high (�10 �C) and low (�30 �C) frozen temperature
could be related to some Raman spectroscopy data, such
as a decrease in the intensity of msOH band (3100–
3500 cm�1) during frozen storage at �10 and �30 �C
(Fig. 2a). This could be attributed to transfer of water to
larger spatial domains during frozen storage. Raman spec-
tra also showed a decrease of the strong Raman band at
160 cm�1 during frozen storage at both frozen tempera-
tures (10 and �30 �C) which can be related to conforma-
tional transitions of muscle proteins, to changes in the
structure of muscle water, and/or to alterations in pro-
tein–water interactions. In other studies, Raman spectros-
copy results have been correlated with WHC data using
chemometric analysis with the aim to use this spectroscopic
technique to determine WHC of meat (Pedersen et al.,
2003). This purpose is similar to other works which used
PLSR models to correlated Raman spectroscopy and sen-
sory analysis (Beattie et al., 2004; Brøndum et al., 2000).
Pedersen et al. (2003) obtained different PLSR models
based on three Raman spectral regions (500–3200 cm�1,
3071–3128 cm�1 and 3128–3071 cm�1 + 951–876 cm�1)
and WHC values measured as drip loss (Table 1). It was
indicated that Raman spectral regions of interest to
WHC according to PLSR results are 3128–3071 and 951–
876 cm�1. Both spectral regions are related to protein con-
formation due to 3128–3071 cm�1 Raman region contain-
ing NH stretching of primary amides in proteins and
changes in this spectral region, which could indicate pro-
tein denaturation and 951–876 cm�1 region (CAC stretch-
Table 1
Regression results for PLSR models based on Raman spectra of meat
samples for prediction of water holding capacity (WHC) (adapted to
Pedersen et al., 2003)

Spectra (cm�1) No. of
PCsa

ra RMSECV
(%)a

WHC
range (%)a

3200–500 3 0.98 0.27 0.7–8.0
3128–3071 3 0.95 0.38 0.7–8.0
3128–3071 + 951–876 3 0.98 0.23 0.7–8.0

a The number of PLS components (PCs), the correlation coefficients (r),
the prediction errors (RMSECV) and the range of WHC. r and RMSECV
indicate how well the model applies with the measurement data.
ing vibration) and provide information about secondary
structure of proteins (a-helix structure). Taken into
account these results, one could suggest the possibility of
using Raman spectroscopy to determine WHC in muscle
food with the advantage that this spectroscopic technique
could make the measurement in situ.

4.2.2. Raman spectroscopy and methods to determine

modifications in lipids of muscle foods

Several studies have related Raman spectroscopy to tra-
ditional methods to determine modifications in lipids of
muscle foods which can help to determine muscle food
quality (Beattie, Bell, Borgaard, Fearon, & Moss, 2006;
Olsen, Rukke, Flatten, & Isaksson, 2007; Sarkardei &
Howell, 2007). In this way, Raman spectroscopy results
and oxidation levels, determined by a traditional colorimet-
ric method such as peroxide values, were related in lipids
extracted from both mackerel and horse mackerel, by effect
of freeze-drying and storage at �22 �C (Sarkardei &
Howell, 2007). Peroxide values showed a general trend to
increase in lipid oxidation products with frozen storage
time in both fish species, although a decrease after 8 weeks
was observed. In a parallel way, Raman spectra data
showed an increase in the 3011 cm�1 band and 2960–
2850 cm�1 region in the spectra of oil extracted of both fish
species which could be attributed to alterations in lipid
structure involving CH groups and hydrophobic interac-
tions. Raman spectra results also indicated that lipid struc-
tural changes were more obvious in freeze-dried mackerel
oil, compared to freeze-dried horse mackerel. These results
were confirmed by the formation of primary oxidation
products (peroxide value) were significantly higher in
mackerel than in horse mackerel (Sarkardei & Howell,
2007). Moreover, fatty acid composition of adipose tissue
from beef, lamb, pork and chicken has been investigated
by Raman spectroscopy and gas chromatography analysis
(Beattie et al., 2006). It is well known that gas chromatog-
raphy analysis, although it is the most common method for
determining the fatty acid profile of adipose tissue, is a
time-consuming method and requires destructive sample
extraction and methylation. Raman spectroscopy could
be an alternative, since this spectroscopic technique is
non-invasive and does not require pre-treatment of sample.
Partial least squares (PLS) analysis was carried out
between the Raman spectra from unextracted adipose tis-
sue from beef, lamb, pork and chicken in the 800–
1800 cm�1 region and gas chromatography results to con-
firm the predictive ability of Raman spectroscopy to deter-
mine fatty acid composition (Beattie et al., 2006). Results
of PLS showed that the level of unsaturation (the number
of cis unsaturated bonds per chain, i.e., molar unsatura-
tion) was well predicted. It was indicated that due to the
low range of relative abundances of trans unsaturated
bonds in the adipose tissue (0.031, compared with 0.24
bonds per FA for cis unsaturated bonds) it was not possi-
ble to find a good prediction model for trans unsaturation.
In addition, Raman spectroscopy successfully predicted
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total unsaturation, defined as sum of cis and trans (Beattie
et al., 2006). Raman spectra results also indicated that the
prediction for individual fatty acid compounds by Raman
spectroscopy using PLS models was very good as com-
pared to gas chromatography analysis. Determinations of
fatty acid composition by Raman spectroscopy have been
carried out with new accessories such as a ball probe con-
nected to the Raman spectrometer by an optic fibre cable
which allows on-line measurements directly on the sample
surface. Some authors have used these probes and have
done partial least square regression (PLRS) between
Raman spectroscopy data and gas chromatography analy-
sis to determine the regression models in order to predict
the amount of poly-unsaturated fatty acid (PUFA), mono-
unsaturated fatty acid (MUFA) and saturated fatty acid
(SFA) and the degree of unsaturation (IV) in melted fat
and adipose tissue from pork (Olsen et al., 2007). The
Raman spectral regions between 775 and 1800 cm�1, and
between 2600 and 3100 cm�1 was selected for the regres-
sions models due to the fact that it contains bands related
to lipids. Results of PLRS showed that Raman measure-
ments of melted fat and adipose tissue provided good pre-
diction compared to gas chromatography analysis (Olsen
et al., 2007). Therefore, it has been shown that Raman
spectroscopy is a promising tool to determine the fatty acid
composition in pork adipose tissue with the advantage that
the measurement is non-invasive and can be made on-line.

5. Raman spectroscopy and authenticity in muscle foods

Authenticity in muscle foods is an important quality fac-
tor for consumers, retailers and food regulatory bodies, as
it guarantees that food has not been subjected to adultera-
tion by any lower-grade material either by accident of for
economic gain. Besides, the identification of these foods
is crucial for the human diet in cases of religious, moral,
cultural or dietary health considerations. Therefore, the
possibilities of Raman spectroscopy have been investigated
for identification of muscle food in substitution of tradi-
tional techniques such as detection of DNA or RNA,
immunological, electrophoretic and chromatographic tech-
niques which are destructive and time consuming. Ellis,
Broadhurst, and Clarke (2005) studied the possibility of
Raman spectroscopy to discriminate between important
poultry species (turkey and chicken) and to distinguish
between muscle groups (breast and leg) within these species
with the aim of studying the problem of authenticity in
muscle food products. Qualitative interpretation of Raman
spectra (0–3000 cm�1) at the species and muscle group lev-
els was possible using cluster analysis which classifies a
sample into a small number of exclusive groups based on
the similarities among them. Cluster analysis showed that
the major discrimination was between legs from the most
expensive breast muscle. On closer inspection of data, it
is also possible to see discrimination between the both clo-
sely related poultry species (chicken and turkey). The
results highlight again that the differentiation between leg
and breast muscle is more evident than discrimination at
species level (Ellis et al., 2005).

6. Conclusion

Raman spectroscopy has been successfully correlated
with traditional quality methods commonly used to deter-
mine quality of muscle food such as, protein solubility,
apparent viscosity, water holding capacity, instrumental
texture methods, DMA content, peroxide values, and fatty
acid composition among others. In some cases, this corre-
lation has been carried out with chemometric analysis
(PLSR, cluster analysis, etc.) to establish if Raman spec-
troscopy data could predict the results obtained by tradi-
tional quality methods used in muscle food and elucidate
if this spectroscopic technique could be used as a tool to
asses muscle food quality.

In addition, Raman spectroscopy provides great infor-
mation compared to the traditional methods of muscle food
quality evaluation, since it allows identifying structural
changes in situ about various muscle food components (pro-
teins, lipids and water) which are implicated in the loss of
quality of the meat and fish due to handling, processing
and storage. Understanding the structural changes involved
in the loss of muscle food quality could help to optimize the
conditions of application of this process with the purpose of
obtaining meat and fish products of greater quality.

Besides, Raman spectroscopy presents several advanta-
ges compared to traditional methods used to elucidate qual-
ity of muscle food as it is a direct and non-invasive technique
which requires little or no pre-treatment of samples, and
small portions of samples are necessary in the analysis.

Raman spectroscopy can be also used for identification
of specific meat muscle groups and also to assist any future
quantitative studies concerning the adulteration of one
meat type by another. However, further work with other
species of meat and fish and in other processes conditions
is required to establish this spectroscopic technique as a
tool for identification of muscle food.

The application of Raman spectroscopy for the evalua-
tion of muscle food quality should be implemented in the
next years due to the advantages that this technique pro-
vides compared to traditional quality methods used in mus-
cle food and thanks to the general trends in the development
of instrument advances such as the use of probes allowing
on-line measurement, the designing of new portable Raman
spectrometers and the software integrating data acquisition.
All these possibilities and advantages offered by Raman
spectroscopy open a wide range of possibilities to apply this
spectroscopic technique as an adequate on-line tool in the
industry of muscle food, meat and fish.
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