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Low-field NMR T, and Fourier transform infrared (FT-IR) measurements were performed on meat
samples of two qualities (normal and high ultimate pH) during cooking from 28 °C to 81 °C. Pronounced
changes in both T, relaxation data and FT-IR spectroscopic data were observed during cooking,
revealing severe changes in the water properties and structural organization of proteins. The FT-IR
data revealed major changes in bands in the amide | region (1700—1600 cm™1), and a tentative
assignment of these is discussed. Distributed NMR T, relaxation data and FT-IR spectra were
compared by partial least-squares regression. This revealed a correlation between the FT-IR peaks
reflecting 8-sheet and a-helix structures and the NMR relaxation populations reflecting hydration water
(T2 ~ 0—10 ms), myofibrillar water (T>; ~ 35—50 ms), and also expelled “bulk” water (T, relaxation
times >1000 ms). Accordingly, the present study demonstrates that definite structural changes in
proteins during cooking of meat are associated with simultaneous alterations in the chemical—physical
properties of the water within the meat.
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INTRODUCTION IR (FT-IR) spectroscopy has been demonstrated both to be an

Fresh meat characteristics and cooking conditions, e.g. heating2Ppropriate tool in the prediction of WHC in pork3) and to
rate and temperature, are substantial for the sensory perceptiolucidate the oxidative stability in pork adipose tissd8)(
of meats {—7). Consequently, a basic understanding of the Moreover, a recent study demonstrated the potential of Fourier
physical-chemical properties of the myofibrillar matrix and transform IR (FT-IR) microscopy to elucidate heat-induced
belonging myowater, which constitute more than 95% of fresh denaturation processes in beef (14).
meat, before and during heating is important both to elucidate The main constituent of fresh meat, water {7%), is
and optimize perceived meat quality. This applies with special mainly held within the highly organized structures of myofibril-
force in the production of convenience products and optimized lar proteins 15). The myofibrillar proteins denature upon heat-
formulation of restructured meat and fish products. ing, and severe structural changes, that must be expected to affect
Meat proteins denature upon heating. This has been demon-he properties of the water within the meat (myowater), take place.
strated in differential scanning calometry (DSC) studies on meat. Recently, it was demonstrated that changes in the cherpbgs-
These have revealed three denaturation steps that have beelf@! properties of myowater (mobility and distribution of the water
ascribed mainly to myosin denaturation40—60°C), sarco- populatlons) can be studied continuously upon heating by low-
plasmic protein and collagen denaturatior60—70°C), and field *H NMR T, relaxometry (16—17). Accordingly, the com-
actin denaturation~80 °C) (8—10). However, while DSC  bination of FT-IR spectroscopy and low-field NMR T relax-
enables detection of protein denaturation, this technique providesOmetry facilitates a S|multane_ous chara_lctenzanon of protein struc-
no information about the specific structural changes in the tures and myowater properties. The aim of the present study was
proteins during the denaturation process. In contrast, infraredt0 use the combination of FT-IR spectroscopy and low-fiéid
(IR) spectroscopy measures fundamental molecular vibrations, NMR Tz relaxometry to characterize changes in myofibrillar pro-
which facilitate studies of the morphology and structure of t€in structures and the chemieghysical properties of myowater

proteins at the molecular level). Recently, Fourier transform ~ UPon heating of meat and the influence of fresh meat quality
(normal and high ultimate pH of the fresh pork) on these changes.
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crossbred with Landrace/Yorkshire sows were included in the study. background spectrum of the Gagubstrate was recorded before each
One of the pigs was injected with adrenaline (subcutaneous injection, sample measurement in order to account for variations in water vapor
0.2 mg/kg live weight) 16 h before slaughter to increase the final pH and CQ levels.
of the meat as described previously (18). The pigs were slaughtered in  Preprocessing of FT-IR Spectra. The FT-IR spectra of the
the experimental abattoir at Research Centre Foulum. At the time of myofibers showed a strong day-to-day variation due to varying water
slaughter, the pigs had a live weight of approximately 100 kg. They content in the sections used for microscopy, presumably due to
were stunned by 80% G@or 3 min, exsanguinated, and scalded at 62 variations in the flushing of the FT-IR microscope with dry air. To
°C for 3 min. Cleaning and evisceration of the carcasses were completedremove the variation owing to differences in water content in the
within 30 min post mortem. The carcasses were split and kept at 12 sections, extended multiplicative signal correction (EMSC) was used
°C. Within 3 h post mortem, the carcasses were transferred to a chill (20, 21). In the basic form of EMSC, every spectraf¥), where? is
room, where they were stored at'@. the wavenumber and defined as the reciprocal of the waveldnggh

At 24 h post mortem, pH was measured at the last rib curvature of written as
M. longissimus dorsi. The measurements were carried out with a pH

meter (Metrohm AG CH 9101, Herisau, Switzerland). The calibration
temperature was 4C, and a two-point calibration was carried out using
calibration buffers with pH 7.000 and 4.005 at 26 (Radiometer,

J-1

z=a+bm+dv+ e + Zthkj-i-ei 1)
£

Copenhagen, Denmark). The pH values in the two obtained meat
qualities, “normal ultimate pH” and “high ultimate pH”, were 5.4 and
6.5, respectively.

At 24 h post mortem, twe-5 cm broad chops were cut from the
middle of M. longissimus dorsfrom the right side of each carcass.
From each chop, a total of 10 samples were et8.6 cm long and 1 - . ;
x 1 cn? in sectional area, weight3—4 g) along the fiber direction ~ constituent spectra. The parametrare defined as; = bAg, with
and placed vertically in a cylindrical glass tube with a plastic lid. After AG = ¢ — ¢, where ¢ and ¢" are the concentrations of the
samples were heated to 10 various temperatures (28.5, 34.0, 40.0, 46.1¢onstituent spectrig(v) in the spectrunz(7) and the reference spectrum
52.0, 57.6, 63.0, 69.3, 75.5, and 8T), NMR measurements were M, respectively. The term contains the unmodeled residuals. The
performed on the samples (see below) at a temperature identical to theEMSC parameters, b, d, e, andh; are estimated by ordinary least
sample temperature. Subsequently, two blocks @ x 2 mn?) were squares. To remove the contribution in spectra due to variations in
excised from each sample used for NMR measurements and embeddedushing, an additional experiment was run, where we acquired spectra
in O.C.T. compound (Tissue-Trek, Electron Microscopy Sciences, from one single myofiber and systematically changed the water amount
Hatfiles, USA), immediately frozen in liquid nitrogen and stored at in the section by increasing the qu;hing time. One difference spgctrum
—80 °C prior to sectioning. Sectioning was carried out-e22 °C, Akj(7) was ther_1 calculated as the dlfferen_ce between spectra for qnferent
transversely to the fiber direction. A cryostat (Leica CM 3050 S, levels of flushing (from the same myofiber). After the estimation of
Nussloch, Germany) was used, andrB thick sections were prepared ~ the EMSC parameters, the spect(&) were then corrected according
and thaw-mounted on infrared transparent, 2 mm thick,Gaéfes for to
FT-IR microscopic measurements.

NMR Measurements. The NMR *H T, relaxation measurements
were performed on a Maran benchtop pulsed NMR analyzer (Resonance
Instruments, Witney, U.K.) with a resonance frequency for protons of After EMSC the second derivative of the spectra was taken in order to
23.2 MHz and equipped with an 18 mm temperature variable probe. resolve nearby lying bands. After preprocessing, the spectra from the
Transverse relaxation timeslj were measured using the Carr same block (see above) were averaged. Averaging resulted in 40 spectra
Purcel-Meiboom-Gill (CPMG) sequence. ThE measurements were  in total from the two animals (normal and high ultimate pH), 10
performed with az-value (time between the 9(Qulse and the 180 different temperatures, and 2 parallel blocks for each sample.
pulse) of 150us and using a relaxation delay of 3 s, and data were Multivariate Analysis. To estimate a correlation between the design
acquired as the amplitude of every second echo (to avoid the influencevariables temperature and meat quality (“normal ultimate pH” and “high
of imperfect pulse settings) in a train of 4096 echoes (only the even- ultimate pH”), FT-IR absorbances, and variables obtained by NMR
numbered echoes were used in the data analysis). A total of 16 scanspectroscopy, we used partial least squares regression (PLSR). In PLSR
were accumulated. The NMR measurements were carried out on twothe response variableg (e.g. FT-IR spectra oN samples withK,
samples at each of the 10 temperatures mentioned above; howeveryariables) are expressed as a linear function of the variablés.g.
only one measurement was carried out at 28.%or the normal ultimate NMR spectra ofN samples withK; variables)
pH meat, resulting in 39 relaxation curves.

Distributed exponential fittings of CPMG decay curves (19) were
performed in Matlab (The Mathworks Inc., Natick, MA) using in-house
scripts. The data were pruned from 2048 to 256 points using linear whereBy is theN x K; matrix of offsets with identical values in every
pruning, which on synthetic data was found to give robust solutions. column (every variable has the same offset for all samile8 is the
This analysis resulted in a plot of relaxation amplitude for individual matrix of regression coefficients witk; x K, entries, and= the N x
relaxation processes versus relaxation time. K> matrix of residualsZ2). X is transferred to a new coordinate space,

FT-IR Microspectroscopy. An IR microscope (IRscope Il) coupled  where the new “latenX-variables”, the so-called scores, have a diagonal
to an Equinox 55 FT-IR spectrometer (both Bruker Optics, Germany) covariance matrix. The directions in this new coordinate space are given
was used to measure the tissue sections. The microscope was equippebly the loading vectors (as a function of the old variables). In addition,
with a computer-controllesy stage. The Bruker system was controlled the new variables are ordered according to the magnitude of their
with an IBM-compatible PC running OPUS-NT software, version 4.0. covariance toy; that is, the first PLS component contains the largest
IR spectra were collected from single myofibers{&0xm in diameter covariance and so on.
depending on the heat treatment) in transmission mode from 4000 to To visualize the correlation between design, FT-IR, and NMR
700 cnt! with a spectral resolution of 6 cmh using a mercury- variables, so-called correlation loading plots are used. In a correlation
cadmium-tellurium (MCT) detector. Three spectra were acquired from loading plot,x- andy-loadings are scaled in such a way that they can
one section per block obtained from the samples used for NMR be displayed in the same plot. The correlation loading plot shows then
measurements as described above. For each spectrum 256 interferthe correlation of bottx- andy-variables to the corresponding PLS
ograms were coadded and averaged. The microscope, which was sealedomponents. This allows us to study the correlation betweesnd
using a specially designed box, and the spectrometer were purged withy-variables. For investigation of the effect of the design on the FT-IR
dry air to reduce spectral contributions from water vapor and. @0 and NMR variables, the design variables were used asd the FT-

a linear combination of a baseline shafta multiplicative effecb times

a reference spectrum, linear and quadratic wavenumber-dependent
effects dv and €77, respectively, and] — 1 difference spectra of
constituent spectrak;() times parameter,. TheJ — 1 constituent
difference spectrak;(¥) are defined as the differences betwdémown

Zeon = (z— a— di — € — hAk)/b

)

Y=B,+XB+F 3)



1742 J. Agric. Food Chem., Vol. 54, No. 5, 2006

5
A — 28C
41 81C
3
3 3
é
< 2
1
0 s ; " 3 :
1 10 100 1000
Relaxation time (ms)
5
B
—— 28C
4 - 81C
[}
3 3
E—
g2
1
0 - - LA .
1 10 100 1000

Relaxation time (ms)

Figure 1. Distribution of NMR T; relaxation times in pork with (A) normal
ultimate pH and (B) high ultimate pH at 28 and 81 °C.

IR or NMR variables a®’ in PLSR. In this case the 10 temperatures
are defined as so-called indicator variables, where each temperature i
expressed by a variable with the value 0 or 1, indicating if the samples

were treated with the respective temperature or not. The same applies

for the normal and high ultimate pH. The design, FT-IR, and NMR
variables were weighted by their standard deviations prior to PLSR.

The data analysis was performed using Unscrambler version 9.1 (Camo

AS, Oslo, Norway, 2004), by algorithms written in Matlab and by in-
house-developed algorithms written in C++.

RESULTS

NMR Measurements.PartsA andB of Figure 1 show the
distributed T, relaxation times measured at 28 and &l for
the meat with normal and high ultimate pH, respectively. In
the nonheated meat (28C), three relaxation populations
centered at approximately—@0, 35—50, and 200400 ms
(designatedys, T21, andT,y, respectively) were observed. Upon
heating (81°C), a marked broadening of the populations
centered at 3550 (T,;) and 206-400 ms {»2) was evident.
Moreover, upon heating, a relaxation population with relaxation
times > 1000 ms corresponding to expelled bulk water was
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Figure 2. Contour plot of distributed exponential fitting of T, relaxation
upon heating (28—81 °C) of pork samples with (A) normal ultimate pH
and (B) high ultimate pH. During cooking a broadening of the major
population around 30-80 ms is observed, and above 70 °C, expelled
water with relaxation times > 1000 ms appears.

10° 10

second PLS components) of the PLSR with design of the
experiment a¥ and the distributed, relaxation times a¥ is
shown inFigure 3. The range of relaxation times between 0
and 2.5 ms as well as between 35 and 50 ms, corresponding to

detected. Both in the nonheated meat and especially uponT,g and T;i, respectively, is positively correlated toward low

heating, the relaxation populations centered at3® (T»1) and
200—400 ms T2z were clearly broadened in the meat with
normal ultimate pH compared with meat with high ultimate pH.
Moreover, upon heating, thEg relaxation population moved
from approximately 0—2.5 ms to approximately 2.5 ms in
both meat qualities. Pars andB of Figure 2 display contour
plots of the magnitude of distributed NMR relaxation times

as a function of heating temperature for the meat with normal
ultimate and high ultimate pH, respectively. While the meat
with high ultimate pH is characterized by three distinct
relaxation populations during the entire heating coursgure

2B), a marked broadening of the relaxation populations is
observed in meat with normal ultimate pHigure 2A) during
heating, and around 5T the populations centered at-350
(T21) and 206-400 ms T»2) merge, and they blur steadily with
increasing temperatures. The correlation plot (for the first and

temperatures (28.5—5Z) and high ultimate pH. The range of
relaxation times between 200 and 400 ms as well as between
1000 and 3000 ms, correspondingTig and expelled water,
respectively, is positively correlated toward high temperatures
(57.6—81°C) and normal ultimate pH.

FT-IR Microspectroscopy. Figure 4 shows the second
derivative of the FT-IR spectra of meat with normal pH in the
amide | region (17061600 cnt?) for the 10 different temper-
atures. Prior to taking the second derivative, the spectra were
preprocessed by EMSC as described above. The minima in the
second derivatives refer to maxima (bands) in the original
spectra. InFigure 4 we are able to identify nine bands at the
wavenumbers 1695, 1682, 1668, 1660, 1652, 1639, 1628, 1619,
and 1610 cm?. All these bands have very strong correlation to
the temperature used for the heat treatment. The bands at 1695,
1668, 1628, and 1619 crhall have positive correlations toward
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Figure 3. Correlation loading plot (first and second PLS components) of
PLSR with the design (temperature and pH) as X and NMR data as Y.
The validated explained variances are 15%/11% for X and 33%/11% for
Y, for the first and second components, respectively. The inner and outer
ellipses refer to 50% and 100% explained variance in X and Y, respectively.
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Figure 4. Seconnd derivative of the FT-IR spectra of meat with normal
pH in the amide | region (1700-1600 cm~%) for the 10 different
temperatures.

temperature. As an example, the 1695¢rband is plotted as

a negative second derivative against the temperature for th
mean spectra of every sectionkigure 5A. The bands at 1682,
1660, 1652, 1639, and 1610 cfall have negative correlations
toward temperature, and as an example, the 1652 band is

plotted as the negative second derivative against the temperatur

for the mean spectra of every section kigure 5B. These
correlations are confirmed in the correlation loading plot (for

the first and second PLS components) of the PLSR with design

of the experiment aX and the nine absorbances (second
derivative after EMSC) a¥ in Figure 6. We see again that the
absorption bands at 1695, 1668, 1628, and 16191care
positively correlated toward high temperatures (55.6-°81

e
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and the bands at 1682, 1660, 1652, 1639, and 1610 ame
positively correlated toward low temperatures (2852 °C).

No significant correlation was observed between pH and the
selected FT-IR variables.

Comparison of FT-IR and NMR Data. Figure 7 shows the
correlation loading plot with th@&, variables aX and the nine
selected variables from FT-IR &3negative second derivative
after EMSC as described above). There are positive correlations
between FT-IR absorbance variables 1695, 1668, 1628, and 1619
cm! and the NMR variables in the ranges 2.5—10 mss(T
bound water) and 266400 ms T2, water located outside the
myofibrillar protein network) and 10663000 ms (expelled bulk
water). There is a positive correlation between the FT-IR
absorbance variables 1682, 1660, 1652, 1639, and 1618 cm
and the NMRT, variables 6-2 ms (T2g, bound water) and 35
50 ms {21, water trapped within the protein-dense myofibrillar

etwork). For theT, variables 2—2.5 ms, a shift from the right
o the left in the correlation loading plot is visible.

DISCUSSION

Heating of meat is associated with thermal denaturation of
the myofibrillar proteins and a simultaneous change in the
binding of water, which is reflected in loss of water. However,
at present, the relationship between heat-induced changes in the
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Figure 6. Correlation loading plot (first and second PLS components) of
ANOVA PLSR with the design (temperature and pH) as X and selected
variables of the (negative) second derivative of the amide | region of the
FT-IR spectra as Y. The validated explained variances are 10%/16% for
X and 76%/4% for Y, for the first and the second components, respectively.
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in X and Y, respectively.
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Figure 7. Correlation loading plot (first and second PLS components) of
PLSR2 with distributed NMR variables as X and the (negative) second
derivative of the amide | region of the FT-IR spectra as Y. The validated
explained variances are 39%/13% for X and 55%/15% for Y for the first
and second components, respectively.
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is dominated by carbonyl stretching vibrations with minor
contributions from G-N stretching and N-H bending. A
tentative assignment of the nine bands (1695, 1682, 1668, 1660,
1652, 1639, 1628, 1619, 1610 cHy in the amide | region
(1700-1600 cn1?), found to change during heating, is discussed
in the following.

The band at 1652 cnd, which is found to decrease with
increasing temperatures, is most likely referring to theGC
bond in ano-helical structure of myofibrillar protein28). This
decrease can be explained by splitting of the band caused by
transition dipole coupling when either intramolecular or inter-
molecular peptides approach each ottt ( This splitting of
the amide | band can be as large as about 60'crand the
strength of the splitting basically depends on the distance of
the C=0O bonds of the different chain5). Taking into
consideration the correlation between the absorption bands and
the temperatures used for the heat treatment, we tentatively
assign the bands at 1695 chihigh frequency) and 1619/1628
cm™! (low frequency) to aggregategtstrands (intermolecular
dipole coupling) and those at 1682 cthhigh frequency) and
1639 cn1! (low frequency) to native3-sheet structures (in-
tramolecular) (23). Around 1640 crhy we also expect a band
from the O-H bending of water. Therefore, care has to be taken
in the interpretation of this ban®6). Like the band at 1652
cm1, arising froma-helical structures, the absorption band at
1660 cnTlis also decreasing with increasing temperature. It is
therefore very likely that also this band is referring to native
structures, probably loops in native structures that are expected
to appear in this regior2@). The weak absorption band at 1668
cm-tincreases significantly at higher temperatures with a critical
point at 57.6°C, after which the increase gathers momentum.
This might indicate incipient denaturation of a specific protein;
however, we have currently no explanation for this band. The
weak band at 1610 cm is increasing with increasing temper-
ature and may tentatively be assigned to the amino acid side
chain in tyrosine (23).

The information about protein structure as assessed by FT-
IR spectroscopy can be correlated to the NMR measurements
by comparison of the two data sets. PLS regression using the
selected NMRT; variables asX and selected negative second
derivative FT-IR variables a¥ enables us to investigate
covariances in both data sets. In the corresponding correlation
loading plot Figure 7), different regions in the NMR relaxation
variables are colored differently, and certain NMR relaxation
times are explicitly given in the plot. It can be seen that tightly
bound water (7g, 0—2 ms, red) has a positive correlation to
changes in intramolecular antiparalj@isheets andx-helical
structures. Myofibrillar-entrapped watéli,¢, 35—50 ms, green)

highly organized protein structures and heat-induced changeshas a positive correlation to intramolecular antiparglisheets
in water distribution in the meat is still an almost unexplored anda-helical structures. Thus, water trapped within the highly

area. In the present study FT-IR spectroscopy and low-figld
NMR T, relaxometry were for the first time combined to

dense and structured protein network is positively correlated to
intramolecular antiparallgd-sheets and:-helical structures. It

facilitate a simultaneous characterization of protein structures is important to point out that the band at 1639 ¢mmay also
and myowater properties during heating. During heating, marked be due to water remaining in the tissue sections after drying
changes in the NMR; relaxation characteristics were observed, (26). This strengthens the observations done by the NIWRR
corresponding to alterations in water properties. The heat- andT»;1 populations but weakens the evidence of the presence

induced changes in the distributéd data were characterized

of intramolecular nativg-sheetsT,; is increasing with increas-

by a broadening of the water population representing myofibril- ing temperatures, and the positive correlations betwBgn
lar water, which most probably reflects the formation of an (200—400 ms, blue) and the FT-IR bands at 1695, 1628, and
amorphous myosin gel consisting of pores with a continuum of 1619 cnt! reveal that an increase of aggregated structures leads

sizes, as also described earlier (18).

Applying FT-IR spectroscopy, the amide | region (1700

to an increase of water located outside the myofibrillar protein
network. As the amount of extramyofibrillar water has been

1600 cnt!) was used in the characterization of changes in shown to determine the amount of drip l0€5); this finding
protein secondary structures during heating. The amide | regionindicates that this type of protein structure is associated with a
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reduced ability of the meat to retain water. Accordingly, a further (11) Thygesen, L. G.; Lgkke, M. M.; Micklander, E.; Engelsen, S.
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flavourings on the oxidative stability of the lipids of pork adipose
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higher temperatures, corresponding to expelled water. Correla-
tions between this expelled water and FT-IR regions ascribed

to thermally aggregated structures were demonstrated and imply Sci. 2004,66, 647—657.
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associated with an improved water-holding capacity of meat 3929.
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ultimate pH has pronounced effects on water distribution. For Lawrie, R., Ed.; Elsevier Applied Science: London, 1988; pp

the FT-IR spectra in the region 178@600 cnt, no significant 172—243.
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