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We present the results of a Fourier transform infrared (FT-IR) microspectroscopic study using
conventional FT-IR microscopy and FT-IR imaging to detect the denaturation process during four
different heating temperatures (raw, 45, 60, and 70 °C) spatially resolved in bovine cryosections
from longissimus dorsi muscle. FT-IR imaging, employing a focal plane array detector, which allowed
the simultaneous collection of spectra at 4096 pixels, enabled the investigation of the heat-induced
changes in the two major meat constituents, i.e., myofibrillar and connective tissue proteins, spatially
resolved. The infrared spectra of both compounds revealed that the major spectral changes involved
an increase in â-sheet and a decrease in R-helical structures, which appeared to be much more
pronounced for the myofibers than for the connective tissue. These conformational changes could
be correlated to the denaturation of the major meat proteins, such as myosin, actin, and collagen.
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1. INTRODUCTION

Texture and functionality of meat from mammalian muscle
depend on its myofibrillar and connective tissue proteins (1).
Studies on both compounds during aging of meat, which is used
to increase tenderness, have shown that both components affect
the final quality of meat (2, 3). Heating is one of the most
important steps in the processing of muscle foods. Therefore,
the study of the thermal behavior of meat myofibrillar and
connective tissue proteins is an important task in determining
and predicting the final quality of meat products. Different
techniques such as differential scanning calorimetry (DSC),
scanning electron microscopy, and Warner Bratzler shear force
measurements have been used to study the thermal properties
of proteins in muscle tissue, as well as of isolated muscle
proteins (4-8). However, all of these methods have in common
that the information provided is restricted to a few components
of the meat sample only.

The application of vibrational spectroscopic methods, such
as infrared (IR) and Raman spectroscopy, offers a potential
alternative in the field of meat research, since these techniques
enable the monitoring of changes in all biomolecules present
in the sample in situ. Meat is, like most complex biological
materials, spatially and chemically heterogeneous. The use of
Fourier transform (FT)-IR microspectroscopy (9), as a combina-
tion of spectroscopy and microscopy, and more recently FT-IR
microspectroscopic imaging (10), employing FPA (focal plane
array) detectors, provides a tool to simultaneously investigate
both of these properties, thus improving the ability to better
understand the molecular composition and morphology of such

complex tissues. Measurements using the single pixel detector
are referred to as FT-IR microspectroscopy, whereas measure-
ments employing the FPA detector are referred to as FT-IR
imaging in the following. The use of FPA detectors (employing
64 × 64 pixels) instead of a single pixel detector affords
temporal advantage over mapping experiments, a better spatial
resolution, and superior image fidelity (11).

While FT-IR microspectroscopy is already becoming a useful
analytical tool mainly in biomedical sciences, e.g., for tissue
characterization by studying specifically the molecular alter-
ations associated with different diseases, such as cancer and
TSE (transmissible spongiform encephalopathies) (12,13), the
FT-IR imaging technique remains in general underutilized due
to the costs of the FPA detectors. Only a few applications of
FT-IR imaging for food analysis have been described so far,
such as the characterization of in situ plant tissue (14, 15).

The purpose of this study was to evaluate the potency of FT-
IR microspectroscopy, with special emphasis on FPA detection,
for monitoring denaturation processes in connective tissue and
single muscle fibers. Another focus was to optimize methodol-
ogy for use of complex IR images (comprising 64× 64) 4096
spectra, i.e., one spectrum corresponds to one pixel) to monitor
denaturation processes.

2. MATERIALS AND METHODS

2.1. Sample Preparation.Longissimus dorsimuscles from four
Norwegian Red Cattle obtained from a local slaugterhouse were used.
The muscles were excised from the carcasses 45 min postmortem and
stored at 12°C for 26 h to avoid cold-shortening. From each of the
four muscles (animals), four cross-sectional slices of 3.5 cm were cut
transversally to the fiber direction from the same location in the muscle.
The slices were packed in polyamide/polyethylene bags under slight
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vacuum and aged at 4°C for 7 days according to the described
procedure for meat used before physical measurements (16). For heat
treatment, three of the individual vacuum-packed samples for each
muscle (animal) were suspended in a preheated water bath at 45, 60,
and 70°C for 50 min while one raw sample was kept as the control
sample. Further cooking was then inhibited by placing the samples in
running cold tap water for 50 min.

Muscle blocks (5 mm× 5 mm × 2 mm) excised from the middle
of the raw or heated meat slices were embedded in O.C.T. compound
(Tissue-Tek, Electron Microscopy Sciences, Hatfiles, U.S.A.), im-
mediately frozen in liquid N2, and stored at-70 °C prior to sectioning.
The samples were sectioned (at-22 °C) transversally to the fiber
direction. A cryostat (Leica CM 3050 S, Nussloch, Germany) was used,
and 8 µm thick sections were prepared and thaw-mounted on IR
transparent 2 mm thick CaF2 slides for FT-IR microscopic measure-
ments. The sections for IR microscopy were finally freeze-dried in an
in-house build lyophilizer at room temperature for 6 min applying a
vacuum of 0.06-0.08 mbar and stored under dry conditions.

The following sets of spectra were acquired. (i) For the analysis of
spectral variation in one animal and from animal to animal of raw not-
aged material, spectra of myofibers of cryosections from two different
locations (obtained from either end of thelongissimus dorsimuscle),
from two different blocks, a and b, and from two different animals, A
and B, were acquired, resulting in 40 spectra in total.

(ii) For the analysis of changes in FT-IR spectra of myofibers due
to heat treatment, FT-IR spectra were recorded from five randomly
selected myofibers on sections from one muscle block of each of the
four animals resulting in 20 spectra for each treatment and 80 spectra
in total (spectra of raw material that was aged for 7 days included).

(iii) For the analysis of changes in FT-IR microscopic images and
connective tissue spectra, FT-IR images from areas containing con-
nective tissue and myofibers were acquired from three randomly
selected areas on sections of one muscle block of each animal and each
treatment, resulting in 12 spectra per treatment and 48 spectra in total
(spectra of raw material that was aged for 7 days included). The spectra
were extracted from the images as described in section 2.2.2. It is
important to note that for the investigation of the heat treatment process
only the aged raw samples are compared to the heat-treated samples.

2.2. IR Data Collection and Evaluation.2.2.1. FT-IR Microspec-
troscopy.We used an IR microscope (IRscope II) coupled to an Equinox
55 FT-IR spectrometer (both Bruker Optics, Germany) to measure the
tissue sections. The microscope was equipped with a computer-
controlledx,y stage. The Bruker system was controlled with an IBM
compatible PC running OPUS-NT software, version 4.0. IR spectra
were collected from single myofibers (30-60µm in diameter depending
on the heat treatment) in transmission mode from 4000 to 700 cm-1

with a spectral resolution of 6 cm-1 using a mercury-cadmium-
tellurium detector. For each spectrum, 256 interferrograms were coadded
and averaged. The microscope, which was sealed using a specially
designed box, and the spectrometer were purged with dry air to reduce
spectral contributions from water vapor and CO2. A background
spectrum of the CaF2 substrate was recorded before each sample
measurement in order to account for variations in water vapor and CO2

level.
2.2.2. FT-IR Microspectroscopic Imaging.An FT-IR imaging system,

employing a FPA detector with 64× 64 pixels, was used to measure
sample areas containing connective tissue and myofibers. Absorbance
spectra were recorded using step scan mode in the range from 3800 to
900 cm-1 with a spectral resolution of 8 cm-1. Spectra were apodized
(17), i.e., mathematically smoothed, by applying a Blackmann-Harris
three term apodization function along with a zero-filling function of 2.
Analysis of the IR images was performed with in-house developed
software in C++. The Microsoft C++Developer Studio was used to
create Dynamic Link Libraries that were linked to Dynamic Imager,
an image analysis developer platform (Ceetron ASA, Trondheim,
Norway). This software enabled us to extract spectra from defined tissue
structure, e.g., connective tissue from the complex IR images comprising
4096 spectra.

2.2.3. Quality of the Spectra.The general strategy for data evaluation
was identical for the applied spectroscopic techniques. The first step
of data analysis included a quality test of the raw data, e.g., check for

water vapor, sample thickness, and signal-to-noise ratio (S/N) (see ref
18 for more details). Spectra that have passed this quality test were
converted to 1st derivatives applying a nine point Savitzky-Golay filter
to enhance the resolution of superimposed bands and to minimize
problems from unavoidable baseline shifts and subsequently vector-
normalized to account for different amounts of biomass as described
elsewhere (19).

The spectra acquired with the FPA detector required a quality test
implying lower quality parameters than for the spectra recorded with
the single element detector. This is due to a lower S/N ratio of the
FPA images and also to a poorer quality of the connective tissue spectra
in general. Spectra acquired with the FPA detector were considered to
have passed the quality test if they met the following criteria: noise
less than 2× 10-3, amide I S/N ratio greater than 10, S/N ratio of the
mixed spectral region (1500-1200 cm-1) greater than 4, water (vapor)
of less than 8× 10-4, amide I S/W (signal-to-water) ratio greater than
40, and S/W ratio of the mixed spectral region greater than 10. For the
FPA images displayed inFigure 10a-d, 3560, 3247, 1537, and 1242
spectra (out of 4096 total spectra per image), respectively, met the
criteria listed.

The quality test of the spectra recorded with the single element
detector was carried out with OPUS-NT, whereas the quality test of
the FPA images was performed with in-house developed software as
described above.

2.2.4. MultiVariate Analyses.Multivariate statistical analyses, i.e.,
principal component analysis (PCA) and partial least squares regression
(PLSR) of the data, were performed using the Unscrambler software
package (version 7.6; Camo ASA). Additional analysis of IR spectral
data (calculation of derivatives, normalization, etc.) was performed using
the OPUS-NT software version 4.0 (Bruker Optics).

For the calculation of total spectral intensities for IR images, we
used the chemometric preprocessing method extended multiplicative
scatter correction (EMSC) (20). The idea of EMSC is to write every
spectrum as

a linear combination of a baseline shiftai, a multiplicative effectbi

times a reference spectrumm, and wavenumber dependent effectsdi

andei. The vector1 is defined as a flat baseline row vector1 ) [1,1,1,
... 1] and is introduced for formality reasons. The vectorsṼ and Ṽ2

model linear and quadratic wavenumber-dependent effects, respectively.
The vectorεi contains the unmodeled residuals. The EMSC parameters
ai, bi, di, andei are estimated by PLS as described in detail in ref20.
The parameterbi is basically determined by the thickness of the sample
used for FT-IR microscopy and can therefore be used as a measure of
total spectral intensity. The software for EMSC is written in Matlab
(The MathWorks Inc., Natick, United States) and was provided by
courtesy of Harald Martens (20).

3. RESULTS AND DISCUSSION

3.1. FT-IR Microspectroscopy. Figure 1displays a typical
spectrum of a randomly selected myofiber (fiber type not
identified) obtained from a rawlongissimus dorsicryosection
in the spectral region from 4000 to 1000 cm-1. The most
prominent band in the myofiber spectrum is the amide I band,
which occurs in the region between 1700 and 1600 cm-1. This
band reflects an almost pure vibrational character, since it
represents primarily the carbonyl stretching vibration of the
amide bonds (80%) in the protein backbone with a minor
contribution from the C-N stretching and N-H bending
vibrations. Of all of the amide bands, of which there exist nine,
the amide I band was found to be the most useful for the analysis
of secondary structure of proteins because of its sensitivity to
hydrogen-bonding pattern, dipole-dipole interaction, and the
geometry of the polypeptide backbone (21-23). Typically, the
amide I band consists of overlapping component bands, which

zi ) ai1 + bim + diν̃ + eiν̃
2 + εi (1)
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occur as a result of the secondary structures present in such
molecules, such asR-helices, â-sheets, turns, and irregular
structures.

3.1.1. MultiVariate Analysis of Myofibril Spectra from Dif-
ferent Samples and Different Locations within One Sample.To
estimate the variance within one raw muscle of one animal, we
used data set 1 as described in the Materials and Methods section
(2.1) but only for one animal, i.e., including 20 spectra in total.
Then, PCA analysis was applied, since it is a well-known
technique for the extraction and interpretation of systematic
variance in multidimensional data sets by means of a small
number of noncorrelated variables (24). PCA finds directions
in the data that explain most of the variance. These new axes
are linear combinations of the original ones and are orthogonal
and ordered with respect to the amount of explained variance.
After PCA, the first few principal components capture the main
variance and remove the random variation, i.e., noise. In many
cases, it is enough to look at the scores of the first two principal
components.

Figure 2 shows the score plot of the first and the second
principal component based on 20 myofiber spectra (1780-1000
cm-1) corresponding to the sections obtained from two different
locations (1 or 2) and two different blocks (a or b) from each
location within the sample. The score plot, a projection of the
original data onto the principal components, allows a visualiza-
tion of the clustering of the spectra. The score plot of PC1 vs
PC2 displays a distinct clustering according to the sampling
(Figure 2) with the spectra obtained from five different
myofibers of each section being grouped together. PC1 separates
the two different locations, whereas PC2 separates the two
different blocks from each location.

In the next step, the variance of IR spectra (1780-1000 cm-1)
obtained from different animals was investigated. PCA analysis
was applied to the whole data set 1 as described in the Materials
and Methods section (2.1), comprising a total of 40 spectra.
The score plot is displayed inFigure 3 where no clear grouping
can be observed. These findings demonstrate that the variation
between FT-IR microcopy spectra from different locations of
the same samples is comparable to the variation of the FT-IR
spectra obtained from different animals.

3.1.2. MultiVariate Analysis of the Myofiber Spectra from the
Heat Denaturation.PCA analysis was used in order to estimate

the variance of the myofiber spectra (1700-1600 cm-1) from
the heat denaturation of all four animals. The score plot is
displayed inFigure 4 showing four clusters according to the
four different temperatures, i.e., raw (aged for 7 days), 45, 60,
and 70°C. Interestingly, the clusters become significantly more
widespread with higher temperatures, indicating a higher
variation of the myofiber spectra upon increasing denaturation.
The myofiber spectra of the samples heat-treated at 70°C exhibit
the highest variation, which might be due to the fact that 70°C
represents a transition temperature. The degree of aging of meat
has been shown to effect the thermal stability of tissue structures
(1). The rate of postmortem degradation depends on the fiber
type (25). In fish also, large variation in the postmortem
structural alterations among the white fibers (type IIB) has been
reported (26). The variation of the myofiber spectra at 70°C
may therefore reflect different degrees of postmortem degrada-

Figure 1. Typical IR spectrum obtained from a single myofiber of a raw longissimus dorsi muscle tissue section. Major absorption bands are indicated.
For more specific band assignments, see also Table 1.

Figure 2. Score plot of the IR spectra obtained from myofibers from PCA
of one sample. The numbers 1 and 2 correspond to two different locations
within the sample, and the letters a and b correspond to two different
blocks from the same location. Five different myofibers were measured
per location and block resulting in a total of 20 spectra, which were included
in the regression. PCA was performed using the spectral region from
1780 to 1000 cm-1. The explained variances in X by PC1 and PC2 were
42 and 26%, respectively.
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tion in the myofibrillar proteins between the different muscle
cells. In addition, the score plot shows that the denaturation
process is very well-described by the first and second principal
component, since the scores of the first and the second principal
component separate objects referring to different temperatures
very well. The scores are showing a continuous process up to
60°C, which reflects a progressing denaturation. However, upon
70 °C, a sharp bend in the otherwise continuous score plot can
be observed indicating that the IR spectra reflect a chemical
change, which is different from the change occurring between
raw, 45, and 60°C. The reason for that approximately one-
third of the samples is still within the linear range may again
be explained by the fact that 70°C represents a transition
temperature and that the variation in the samples heat-treated

with 70 °C is larger than for the other temperatures. These
findings will have to be investigated in further studies, which
are currently underway.

3.1.3. Changes in the Myofibril Spectra upon Heat Treatment.
The temperatures for heat treatment (45, 60, and 70°C) were
chosen according to the denaturation behavior of the main
muscle components, the myofibrillar and connective tissue
proteins, i.e., actin, myosin, and collagen, which will be
explained in the following in more detail.

During cooking/heating, the proteins within and around the
myofiber progressively denature as they reach characteristic
temperatures. On the basis of Warner-Bratzler shear force
measurements and DSC, it is well-known that the denaturation
process upon heating is reflected in changes in the toughness
of beef muscle (2, 27). According to these studies, meat
toughness is found to increase in two distinct phases. The first
increase in toughness between 40 and 55°C is most likely due
to the heat denaturation of myofibrillar proteins, especially
myosin. This is followed by a decrease in toughness between
50 and 65°C, which can be attributed to thermal structural
changes of the connective tissue resulting in the shrinkage of
endomysial and perimysial collagens. The second increase in
toughness at temperatures above 65°C can be subsequently
explained by denaturation of actin and sarcoplasmic proteins.

Figure 5 shows typical FT-IR spectra from myofiber tissue
heat-treated at four different temperatures, i.e., raw, 45, 60, and
70 °C. Comparison of the spectra reveals that the major changes
upon heat treatment occur in the amide I region exhibiting two
well-defined shoulders at 1630 and 1695 cm-1 at higher
temperatures. To resolve the overlapping amide I band com-
ponents and hence the secondary structure of the myofibrillar
proteins, derivatization was applied.

The second derivatives of the same myofiber spectra as in
Figure 5 are shown inFigure 6 in the spectral region between
1750 and 1500 cm-1. Second derivatives were calculated to
enhance resolution of the spectral bands and to minimize
baseline variations in the spectra. The second derivative spectra
reveal significant spectral alterations in the amide I region during
the heat-induced denaturation with more marked changes at
higher temperatures. With increasing temperature, the bands at
1630 and 1695 cm-1 show significant higher band intensity.
These bands have been described to be diagnostic for antiparallel
â-sheets (28). This split amide I mode arises from transition

Figure 3. Score plot of the IR spectra obtained from myofibers from PCA
of two different samples. The letters A and B correspond to the two different
samples. Again, 1 and 2 correspond to two different locations within the
same sample, and a and b correspond to two different blocks from the
same location. Five different myofibers were measured per location and
block resulting in a total of 40 spectra, which were included in the
regression. PCA was performed using the spectral region from 1780 to
1000 cm-1. The explained variances in X by PC1 and PC2 were 38 and
17%, respectively.

Figure 4. Score plot of the IR spectra obtained from myofibers from PCA
of all four samples during the heat treatment. Five different myofibers
were measured per sample and temperature resulting in a total of 80
spectra, which were included in the regression. PCA was performed using
the amide I region from 1700 to 1600 cm-1. The explained variances in
X by PC1 and PC2 were 82 and 17%, respectively.

Figure 5. IR spectra displayed over the frequency range 1800−1000 cm-1

obtained from myofibers from bovine longissimus dorsi muscle heat-treated
at four different temperatures: raw, 45, 60, and 70 °C (from bottom to
top).
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dipole coupling between carbonyl oscillators in theâ-core (29,
30). In addition, a slight shift can be observed in the low
frequencyâ-component (1630 cm-1) at 60 and 70 °C, respec-
tively. Such an increase between the low and the high frequency
â-component has been described as characteristic for thermally
aggregated proteins indicating intermolecularâ-sheet structure
with very strong hydrogen bonds in comparison to that observed
from â-sheets in native proteins (21). However, the band at 1654
cm-1, which can be assigned toR-helical structures, shows in
contrast reduced band intensity upon increasing temperature
indicating that the content inR-helical structures is reduced
during heat denaturation. It should be noted that the standard
deviations (SDs) of the myofiber spectra (see bottom ofFigure
6) of the raw sample are significantly smaller than the SDs of
the myofiber spectra of the muscle sample heat-treated at 70
°C. As was already found with the score plot of the heat-treated
samples inFigure 4, the average spectra of the 70°C heat-
treated samples differ considerably. Nevertheless, the observed
spectral alterations during the heat denaturation are significant
as compared to the SDs.

3.2. FPA Detection.FPA detection was used to monitor the
denaturation process in tissue areas containing myofibers as well
as connective tissue.

3.2.1. Changes in the ConnectiVe Tissue Spectra upon Heat
Treatment.Spectra from connective tissue were extracted from
the IR images by means of in-house developed software. The
quality of the connective tissue spectra was in general poorer
than for the myofibers due to lower amounts of biomass and
the lower signal-to-noise (S/N) ratio of the FPA measurements,
which can be attributed to the larger noise than that commonly
encountered in single element detectors (see for more details
refs31 and32). Average spectra from a total of 30 spectra for
each sample were calculated.Figure 7 shows the average FT-
IR spectra from connective tissue heat-treated at four different
temperatures, i.e., raw, 45, 60, and 70°C. The spectrum of the
untreated (raw) connective tissue (bottom spectrum) reveals
vibrational modes, which can be assigned as follows: 1662 and
1638 cm-1, amide I; 1553 cm-1, amide II; 1456 and 1403 cm-1,
deformation bands of methyl groups; and 1342, 1286, 1240,
and 1205 cm-1, amide III and methylene wagging vibrations

from glycine backbone and proline side chains. The bands at
1086 and 1036 cm-1 are due to carbohydrate residues. These
characteristic absorption bands can be in general observed in
IR spectra from collagen (33,34) leading to the conclusion that
the major bands in the connective tissue matrix are due to the
protein collagen. Assignment of IR absorptions to precise
constituents of connective tissue requires an understanding of
the structure and function of this complex tissue. The major
constituent of connective tissue is collagen as generally accepted
and also obvious from the IR spectrum inFigure 7. This
component is important since it contributes significantly to the
toughness in mammalian muscle. Collagen occurs in several
polymorphic forms, of which the most common type is type I.
Collagen type I exists as a triple-stranded helix, containing two
identical polypeptide chains and a third chain, which has a
different amino acid sequence (35). This suprahelical structure
is favored by the unique amino acid composition (25% proline/
hydroxyproline and 33% glycine) and stabilized by numerous
interstrand hydrogen bonds conferring remarkable mechanical
properties to this protein.

As was found with the myofiber spectra, comparison of the
connective tissue spectra obtained from different temperatures
demonstrates that the major changes upon heat treatment occur
in the amide I region. To resolve the overlapping amide I band
components and hence the secondary structure of the connective
tissue, again derivatization was applied.

The second derivatives of the same connective tissue spectra
as in Figure 7 are shown inFigure 8 in the spectral region
between 1750 and 1500 cm-1. As compared to the second
derivatives of the myofiber spectra (Figure 3), the second
derivatives of the connective tissue spectra reveal less dramatic
spectral alterations in the amide I region during the heat-induced
denaturation. The following effects can be observed. With
increasing temperature, a clear shift of the band at 1636 cm-1

toward lower frequencies, i.e., 1630 cm-1, combined with a gain
in band intensity, takes place. Simultaneously, the band at 1695
cm-1 develops also a higher band intensity with increasing
temperature. As already stated, these bands are diagnostic for
antiparallelâ-sheets. Although collagen is mostly helical, it has
to be taken into account that the connective tissue contains in
addition other components, e.g., glycoproteins, which exhibit a
different conformation. This might be mainlyâ-sheet structures
as indicated by the two bands at 1630 and 1695 cm-1, which

Figure 6. Normalized second derivatives of average spectra each obtained
from single spectra of five myofibers from bovine longissimus dorsi muscle
heat-treated at four different temperatures, i.e., raw, 45, 60, and 70 °C
(from bottom to top) are displayed over the frequency range 1750−1500
cm-1 (amide I and II region). The SDs for the raw and the 70 °C heat-
treated muscle are shown in the bottom.

Figure 7. IR spectra displayed over the frequency range 1800−1000 cm-1

obtained from connective tissue from bovine longissimus dorsi muscle
heat-treated at four different temperatures: raw, 45, 60, and 70 °C (from
bottom to top).
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are already present in the spectrum (black) of the rawlongissmus
dorsi sample inFigure 8. As a consequence, the distinct shift
toward lower wavenumbers during the heating and the intensity
increase, which can be observed for both bands, and the low
frequencyâ-component at 1630 cm-1 and the high frequency
â-component at 1695 cm-1 can be ascribed to an increasing
transition dipole coupling due to a higher content in aggregated
â-sheets structures. Furthermore, as is evident fromFigure 8,
the decrease of the content inR-helical structures upon heating
is less pronounced than was found for the denaturation process
in the myofiber proteins. This can be ascribed to the fact that
the breakdown of the stable suprahelical structure of collagen
takes place only at temperatures above 70°C, resulting in
conversion of the helical collagen structure to a more amorphous
form, known as gelatin. Again, as was found with the myofiber
spectra, the SDs of the connective tissue spectra of the 70°C
heat-treated sample are larger than for the raw sample (see
bottom ofFigure 8). However, the difference is not as dramatic
as for the myofiber spectra, since collagen, the main component
of the connective tissue, denatures completely only above 70
°C.

3.2.2. Spectral Alterations in the Chemical Images upon Heat
Treatment.To visualize the spectral intensity in terms of total
amount of biomass within the IR images, intensity plots of the
EMSC parameterbi, which corresponds to the multiplicative
effect present in the spectra, are displayed inFigure 9a-d.
Using the EMSC parameterbi to visualize the total spectral
intensity has the inherent advantage that the intensity plots are
based on entire spectra instead of single bands, e.g., the amide
I, resulting in a much more realistic concentration distribution.
From the intensity plots inFigure 9, it is obvious that in general
the absorbance values of myofibers are higher than absorbance
of connective tissue, as indicated by the yellow or red color of
the myofibrils, in contrast to the blue color of the connective
tissue. Additionally, with increasing temperature and upon
different shrinkage processes, the myofiber spectra gain sig-
nificantly in intensity, whereas the intensity of the spectra
recorded from the extra cellular space becomes gradually lower.
However, this gain in intensity is not only due to the physical
shrinkage of the myofibers, which is accompanied by a

substantial fluid loss, but also due to the molecular shrinkage
of the myofibrillar proteins, i.e., the change in the conformation
upon heating results in aggregation of the proteins that are much
more dense than proteins in their native state.

Chemical images were reconstructed for all four heat-treated
muscle samples of each of the four animals. The right side
column ofFigure 10 shows the four chemical images obtained
from the four different temperatures of one animal as an
example. They were reassembled by using theI1630/I1654 band
ratio as a measure for the denaturation level. The black areas
in the chemical images displayed inFigure 10a-dmark those
spectra that have not passed the quality test (see section 2.2.3))
and were therefore not subjected to further evaluation.

Comparison of the four chemical images (seeFigure 10a-
d) shows that denaturation of the myofibrillar proteins was
occurring at 45°C, as indicated by the increase in light yellow
color, whereas the connective tissue proteins show first signs
of denaturation only at 60°C. The image obtained from a raw
longissimus dorsisample proves that the proteins are still in
their native conformation.

Figure 10bdemonstrates that an initial stage of denaturation
already takes place at 45°C. The myofibers are not as compact
as in Figure 10a, and gaps due to shrinkage processes are
already clearly visible between the fibers. In addition, the
chemical image shows that the structure of the outer part of the
myofibers has started to change. These findings are in ac-
cordance with LF NMR (low field nuclear magnetic resoncance)
measurements obtained during cooking of meat, where it was
shown that the early phase of myosin denaturation starting at
40 °C causes small amounts of water to be squeezed out of the
myofibrils into the intermyofibrillar space (36). This effect is
even more pronounced when the lateral contraction of the

Figure 8. Normalized second derivatives of average spectra obtained
from 90 single spectra of connective tissue from bovine longissimus dorsi
muscle heat-treated at four different temperatures, i.e., raw, 45, 60, and
70 °C (from bottom to top) are displayed over the frequency range 1750−
1500 cm-1 (amide I and II region). The SDs for the raw and the 70 °C
heat-treated muscle are shown in the bottom.

Table 1. Assignment of Some Characteristic Bands in the IR Spectra
of Longissiumus dorsi Muscle Tissue

spectral region/
frequency (cm-1) assignmenta,b

3050−2800 dominated by C−H strechting vibrations of
fatty acids (mostly of membrane lipids)

2955 C−H str (asym) of −CH3 in fatty acids
2930 C−H str (asym) of >CH2

2918 C−H str (asym) of >CH2 in fatty acids
2898 C−H str of C−H in methine groups
2870 C−H str (sym) of −CH3

2850 C−H str (sym) of >CH2 in fatty acids
1800−1500 dominated by absorption of proteins
1740 >CdO str of ester carbonyl of phospholipids
1715 >CdO str of carbonic acid
1680−1715 >CdO in nucleic acids
1695, 1685, 1675 amide Ic band components resulting from

antiparallel pleated sheets and â-turns of proteins
1655 amide Ic of R-helical structures
1637 amide Ic of â-pleated sheet structures
1550−1520 amide IId
1515 “tyrosine” band
1468 C−H def of >CH2 groups of lipids,

proteins, and nucleic acids
1400 CdO str (sym) of COO- groups
1310−1240 amide III band components of proteins
1250−1220 PdO str (asym) of >PO2

- phosphodiesters
1200−1000 C−O, C−C str, C−O−H, C−O−C

def of carbohydrates
1090−1085 PdO str (sym) of >PO2

-

a Peak frequencies have been deduced from the second derivatives and Fourier-
deconvoluted spectra. b Str ) stretching; def ) deformation; sym ) symmetric;
and asym ) antisymmetric. c Amide I band is a vibrational mode, which involves
mainly CdO stretching vibrations. d Amide II band represents stretching of the
C−N and in-plane bending of the N−H bonds.
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myofibrils occurs at about 45°C. Although this aggregation of
the denatured myofibrillar proteins, mainly myosin, results in
shrinkage of the muscle fibers, the water/protein mixture is still
retained within the endomysial sheath. This hypothesis is
supported by the chemical image inFigure 10b, showing a
higher denaturation level in the outer parts of the muscle fibers.

The chemical images at 60 and 70°C, however, demonstrate
a more dramatic change of both tissue structures. At 60°C, a
clear increase in the denaturation of the myofibers is visible as
indicated by the yellow- and red-colored areas. Interestingly,
the myofibers are obviously not homogeneously denatured,
exhibiting a higher denaturation level in the outer part than in
the inner part of the muscle fibers. This might be attributable
to indirect effects of the collageneous endomysium and per-
imysium, which, due to shrinkage forces upon heating, may
drive out denatured myofibrillar fluid from the muscle fibers
resulting in highest denaturation in the outer parts of the
myofibers (seeFigure 10c,d). At 70 °C, it can be expected that
the denatured myofibrillar fluid is to a large extent completely
expelled from the myofibers due to heat-induced collagen
contraction. Therefore, the myofibers inFigure 10d show a
somewhat lower denaturation level as indicated by the mainly

green-colored fibers than the myofibers inFigure 10c. However,
as already indicated inFigure 9c,d, the spectra recorded from
the intermyofibrillar space exhibited such low spectral intensities
that it was not possible to detect myofibrillar fluid in the
intermyofibrillar space. In addition, upon heating at 70°C,
shrinkage of the myofibers becomes more apparent leading to
clearly less structured fibers than at 60°C. As expected from
the gelatinization of collagen (collagen-gelatin transition),
which takes place at temperatures above 70°C, the connective
tissue shows a lower denaturation level than the myofibers.

3.3. PLSR Results.PLSR was used to correlate the IR spectra
to the temperatures used for the heat treatment. Additionally,
jack-knifing was applied as a variable selection method to select
the most significant variables (37). Jack-knifing is a variable
selection method included in the Unscrambler software package
(version 7.6; Camo ASA). It performs a significance test for
all the wavenumbers of the IR spectra.

The root-mean-square error (RMSE) was a measure to assess
the performance of the model. RMSE was calculated from a
block-wise cross-validation as described previously (38), where
all spectra referring to one animal were left out as one block.

Figure 9. Intensity plots of the EMSC parameter bi, which corresponds to the multiplicative effect, are displayed. The plots were obtained from sample
1 from the four different temperatures: raw, 45, 60, and 70 °C (from top to bottom). The multiplicative effect is due to differences in the amount of
biomass present within the sample.
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Figure 10. Chemical images of sample 1 obtained from four different temperatures: raw, 45, 60, and 70 °C (from top to bottom). Chemical images were
reconstructed from the FPA images by using the I1630/I1654 band ratio as a measure for the denaturation level. The scales on the right side of each image
indicate the denaturation level. Corresponding photomicrographs of the IR images are displayed on the left side of each image. The black areas in the
images indicate those spectra that did not pass the quality test.
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The optimal number of components is found by calculating the
minimum RMSE and checking if the change in RMSE for the
preceding component was substantial (Camo AS, 1996). PLS
regression was applied to all myofiber (80) and connective tissue
(48) spectra. Prior to PLSR, the spectra were preprocessed by
calculating the first derivatives and vector-normalizing them in
the respective spectral region.Table 2 shows the regression
coefficients for the PLSR of the preprocessed FT-IR spectra
and the different temperatures used for the heat treatment. For
the connective tissue, five spectral outliers were identified and
omitted from further analyses. All PLS regressions were
performed using the following five spectral regions (seeTable
2): 1780-1000, 1780-1500, 1700-1600, 1500-1200, and
1200-1000 cm-1. This was done primarily to specifically
investigate spectral ranges, which are dominated by certain
components present in muscle tissue, such as proteins and
polysaccharides, and also to reduce the dimensionality of the
data. The numbers of principal components used for the PLSR
regression are shown in parentheses. The lower the number of
principal components required to build the model, the more
stable and simpler the model becomes. The number of principal
components is determined as described above. The best results
were obtained for the protein-dominated spectral region from
1780 to 1500 cm-1 for both tissue structures, i.e., myofibers
and connective tissue. Jack-knifing did not substantially improve
the results. PLS regression based on the connective tissue spectra
resulted in lower correlation coefficients than for the myofiber
spectra. This might be attributed to the fact that the alterations
in the myofiber spectra were much more pronounced than in
the connective tissue spectra, since the denaturation temperature
of collagen was not in the temperature range used for the heat
treatment in this study. It should be noted that this approach is
based on a linear dependency between temperature and spectral
information. However, the objective was to identify the spectral
region reflecting the denaturation process and not to optimize
correlation coefficients.

CONCLUSIONS

In this study, beeflongissimus dorsimuscles from four
different animals were heat-treated at four different temperatures,
i.e., raw, 45, 60, and 70°C. FT-IR microspectroscopy was used
as a spatially resolved method to monitor the changes in the
meat caused by cooking. The results illustrate that FT-IR
microspectroscopy, employing both a single element and a FPA
detector, can be used to detect the heat-induced denaturation

processes in meat very precisely. By using FPA imaging, it was
possible to monitor the heat denaturation of the two major meat
components, i.e., myofibrillar and connective tissue proteins,
spatially resolved. Furthermore, evaluation of average spectra
of these two major meat structures obtained either from single
element measurements or from the complex FPA images showed
very distinct conformational changes in the amide I region
indicating an increase inâ-sheet and a decrease inR-helical
structures at higher temperatures. These major conformational
changes, which were much more pronounced for the myofibers
than for the connective tissue, could be correlated to the
denaturation of the major meat proteins, e.g., actin, myosin, and
collagen. In addition, using PCA as a multivariate data analysis
revealed that the spectra obtained from the myofibers at 70°C
showed the highest variance indicating a transition temperature,
which is in agreement with the denaturation temperature from
actin, ranging from 65 to 73°C. For the evaluation of the
complex FPA images, in-house developed software was pre-
sented. It can be concluded that FT-IR microspectroscopy may
provide a useful tool for monitoring thermal processing of meat.
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