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Fourier transform infrared (FT-IR) microspectroscopy and low-field (LF) proton NMR transverse
relaxation measurements were used to study the changes in protein secondary structure and water
distribution as a consequence of aging (1 day and 14 days) followed by salting (3%, 6%, and 9%
NaCl) and cooking (65 °C). An enhanced water uptake and increased proton NMR relaxation times
after salting were observed in aged meat (14 days) compared with nonaged meat (1 day). FT-IR
bands revealed that salting induced an increase in native â-sheet structure while aging triggered an
increase in native R-helical structure before cooking, which could explain the effects of aging and
salting on water distribution and water uptake. Moreover, the decrease in T2 relaxation times and
loss of water upon cooking were attributed to an increase in aggregated â-sheet structures and a
simultaneous decrease in native protein structures. Finally, aging increased the cooking loss and
subsequently decreased the final yield, which corresponded to a further decrease in T2 relaxation
times in aged meat upon cooking. However, salting weakened the effect of aging on the final yield,
which is consistent with the increased T2 relaxation times upon salting for aged meat after cooking
and the weaker effect of aging on protein secondary structural changes for samples treated with
high salt concentration. The present study reveals that changes in water distribution during aging,
salting, and cooking are not only due to the accepted causal connection, i.e., proteolytic degradation
of myofibrillar structures, change in electrostatic repulsion, and dissolution and denaturation of proteins,
but also dynamic changes in specific protein secondary structures.
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INTRODUCTION

Optimization of meat processing aiming to improve quality
and yield is very important for the meat processing industry,
thus fulfilling the demands of the consumers and receiving a
profitable earning, respectively. Aging of meat weakens the
myofibrillar structure, and it is well-known that aging improves
the tenderness and texture of meat (1, 2). In addition, a number
of studies have reported an improvement in water-holding
capacity (WHC) upon aging (3-9). This improvement in WHC
has been suggested to be a result of proteolytic degradation of
cytoskeletal proteins, which subsequently enables swelling of

the myofibrils and thereby allows the meat structure to retain
more myowater (1,10-12). Moreover, it has recently been
reported that prolonged aging is associated with an increased
cooking loss (6). However, besides the effect on WHC of fresh
meat, the impacts of an aging period prior to processing of meat
have not been studied extensively (13).

Fourier transform infrared (FT-IR) microspectroscopy has
become an important analytical technique for studying the
chemical composition of foods (14-20) and more recently in
the study of protein secondary structures of human and animal
tissue (21-23). Structural and compositional changes of mam-
malian protein structures can be determined from the frequency
and intensity analysis of absorption bands depending on the
protein backbone conformation and hydrogen-bonding pattern.
Recently, FT-IR has been used to characterize the heat-induced
denaturation of myofibrillar and connective tissue proteins of
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beef (24) and salt- and heat-induced changes in myofibrillar
protein of pork (25,26).

Likewise, NMR relaxometry has gained extensive interest in
the field of food science within the past 2 decades due to
potential of the methods to characterize the distribution and
mobility of one of the main food components, water. In meat,
the water, also named myowater, is entrapped in the myofibrillar
protein network, where its distribution and mobility are highly
associated with the structural features of the myofibrillar protein
network. Especially, low-field1H NMR T2 relaxation has been
used to study myowater distribution and the mobility of
myowater in meat (for an extensive review see27). The altered
T2 distribution in different meat products reflects the different
water compartmentalization and water mobility as a result of
the chemical exchange with the protein structures of the different
products (28, 29).

The objective of this mechanistic study was to exploit the
influence of aging and salting procedure on changes in myo-
fibrillar protein structures and myowater distribution in green
(uncooked) and cooked pork using FT-IR microspectroscopy
and low-field1H NMR T2 relaxometry, respectively, and discuss
this in relation to technological meat quality.

MATERIALS AND METHODS

Meat Sampling.The right and leftM. longissimus dorsi(LD) from
a pig, which is an offspring of a Duroc/Landrace boar cross-bred with
Landrace/Yorkshire sow, were used in this study. At the time of
slaughter, the pig had a live weight of approximately 100 kg. The pig
was slaughtered in the experimental abattoir at Research Center Foulum.
The pig was stunned by 80% CO2 for 3 min, exsanguinated, and scalded
at 62 °C for 3 min. Cleaning and evisceration of the carcass were
completed within 30 min postmortem. The carcass was split and kept
at 12°C. Within 3 h postmortem the carcass was transferred to a chill
room, where it was stored at 4°C.

At 24 h postmortem, the pH measured in the two LDs was found to
be 5.62 and 5.61, respectively. Drip loss of the two muscles was 6.2%
and 6.7%, respectively, measured according to the method described
by Honikel (30). The right and leftM. longissimuswere used for
nonaged (1 day) and aged (14 days) meat, respectively. The leftM.
longissimuswas placed in a plastic bag and stored at 4°C for 14 days;
minor exuded water was observed after 14 days. The rightM.
longissimuswas cut into 5 parallel chops of 10 cm. Subsequently, eight
samples with a size of approximately 1× 1 × 4 cm were cut from
each chop and weighed out (weight 1), resulting in a total of 40 samples.
Five replicates from the 5 different chops were finally assigned to the
same experimental conditions; see Table 1. Thirty of the nonaged

samples were cured using different sodium chloride concentrations. The
remaining 10 samples were used as control samples without salt
treatment. The same procedure was applied on aged meat, resulting in
40 additional samples. The resultant 16 experimental conditions on 80
samples and the corresponding symbols as well as the names and
numbers of samples are listed in Table 1.

Processing of Meat Samples.Three salting brines with 3%, 6%,
and 9% sodium chloride, respectively, were made in 10 mM sodium
acetate and added 0.05% NaN3, as preservative agent, and the pH was
adjusted to 5.5 in all salting brines. All 60 samples were placed
individually in a container labeled with the corresponding sample name
and salted in 40 mL of brine. The containers were placed on a vibrating
table at 4°C. After 48 h, the samples were removed from the brine,
dabbed, and weighed out (weight 2). The salting-induced weight gain
was calculated as the percentage weight gain according to the following
equation:

Subsequently, each sample was placed in a small glass tube closed by
a screw cap, and half the samples were heated in a water bath at 65°C
for 20 min, followed by a temperature equilibrium at 25°C in another
water bath for 20 min, while the remaining samples were only brought
into a water bath at 25°C for 20 min with the purpose of temperature
equilibrium. Finally, the cooked samples were weighed again (weight
3) after discarding the water lost during cooking. Cooking loss and
yield were calculated by the equation

1H NMR T2 Relaxation Measurements.The1H NMR T2 relaxation
measurements were performed at 25°C on a Maran Benchtop Pulsed
NMR Analyzer (Resonance Instruments, Witney, UK) with a resonance
frequency for protons of 23.2 MHz. The NMR instrument was equipped
with an 18 mm variable temperature probe. Transverse relaxation (T2)
was measured using the Carr-Purcell-Meiboom-Gill sequence (CPMG).
The T2 measurements were performed with aτ-value (time between
90° pulse and 180° pulse) of 150 s and using a repetition delay of 3 s.
The data were acquired as the amplitude of every second echo (to avoid
influence of imperfect pulse settings) in a train of 4096 echoes as an
average of 16 repetitions. After NMR relaxation measurements, the
samples were subdivided into small samples and preserved at-80 °C
in liquid nitrogen for FT-IR spectroscopy measurements.

The obtained NMR transverse relaxation decays were analyzed by
distributed exponential fitting analysis, which was performed according
to the regularization algorithm of Butler, Reeds, and Dawson (1981)
and implemented in the RI Win-DXP software program (release version
1.2.3) from Resonance Instruments Ltd., UK. This analysis yields a
plot of the relaxation amplitude for individual relaxation processes
versus relaxation time.

FT-IR Measurements.FT-IR measurements were performed with
an IR microscope II (Bruker Optics, Germany), coupled to an Equinox
55 spectrometer (Bruker Optics, Germany). The microscope was
equipped with a computer-controlledx,y stage. The Bruker system was
controlled with an IBM compatible PC running OPUS-NT software.
Tissue cryosections of 10µm thickness were thaw-mounted on CaF2

substrates. The samples were dried in a desiccator using anhydrous
silica gel in the desiccator to avoid water absorption in IR. To reduce
water vapor, which absorbs in the IR band and hereby interferes with
some of the protein bands, the sample compartment was continuously
purged with dry air. The spectra were recorded from single fibers in
the region between 4000 and 600 cm-1 with a spectral resolution of 6
cm-1 using a mercury-cadmium-tellurium detector and an aperture of
5.0 mm. For each spectrum 256 scans were accumulated and averaged.
Three NMR subsamples from each experimental condition were used
for FT-IR spectra measurements, and three spectra were collected from
each subsample, resulting in a total of 144 spectra for all 16

Table 1. Meat Processes of Aging, Salting, and Heating and the
Corresponding Symbols as Well as the Names and Numbers of
Samples

aging salting (%) heating (°C)

1 day (A) n ) 40 0 (A0) n ) 10 25 (A025) n ) 5
65 (A065) n ) 5

3 (A3) n ) 10 25 (A325) n ) 5
65 (A365) n ) 5

6 (A6) n ) 10 25 (A625) n ) 5
65 (A665) n ) 5

9 (A9) n ) 10 25 (A925) n ) 5
65 (A965) n ) 5

14 days (B) n ) 40 0 (B0) n ) 10 25 (B025) n ) 5
65 (B065) n ) 5

3 (B3) n ) 10 25 (B325) n ) 5
65 (B365) n ) 5

6 (B6) n ) 10 25 (B625) n ) 5
65 (B665) n ) 5

9 (B9) n ) 10 25 (B925) n ) 5
65 (B965) n ) 5

weight gain (%)) weight2- weight1
weight1

× 100

cooking loss (%)) weight2- weight3
weight2

× 100

yield (%) ) weight3
weight1

× 100
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experimental conditions. The original IR spectra were preprocessed by
extended multiplicative signal correction (EMSC) using The Unscram-
bler version 9.2 (CAMO Software AS, Norway) to avoid the physical
light scattering effects. After EMSC the second derivative of the spectra
was taken in order to resolve the overlapping of bands. After
preprocessing, the spectra from the same experimental conditions were
averaged.

Data Analysis.To analyze the main variation in the data sets and
the correlation between the design variables aging, salting, cooking,
and FT-IR absorbance bands and1H NMR T2 relaxation times, the data
analysis was performed using principal component analysis (PCA) and
partial least-squares regression (PLSR2) of The Unscrambler version
9.2. In PLSR2 the response variablesY are expressed as a linear
function of theX variables (25). The so-called correlation loading plots
are used to find the correlation betweenX and Y variables to the
corresponding PLS components. To investigate the correlation between
design indicator variables and FT-IR and NMR variables, the design
and FT-IR were used asX, and NMR T2 variables were used asY.
The design variables were weighted by their standard deviations prior
to PLSR2.

Traditional statistical analyses of the data were carried out with the
SAS software version 8.2 (SAS Institute Inc., Cary, NC). The statistical
model used was the PROC GLM procedure. The statistical models for
salt-induced weight gain and cooking loss included the fixed effects
of brine concentration (0%, 3%, 6%, and 9%) and aging time (1 day
and 14 days). The statistical models for specific IR bands included the
fixed effects of heat (25 and 65°C), brine concentration (0%, 3%, 6%,
and 9%) and aging time (1 day and 14 days). Two-way and three-way
interactions were included when significant. In addition, the linear
correlations between weight gain and the meanT2 relaxation time
constants were tested using the PROC REG procedure.

RESULTS

Weight Gain and Cooking Loss.The weight gain, cooking
loss, and total yield of the nonaged and aged samples as a
function of salt concentration are presented in Figure 1. The
14-day-aged samples showed a significantly higher salt-induced
weight gain and higher cooking loss compared with the nonaged
samples. A significant effect of salt concentration on weight
gain and cooking loss was also observed. The 6% salt
concentration resulted in slightly higher weight gain and slightly
lower cooking loss for both nonaged and aged samples
compared with the other salt concentrations investigated. The
cooking loss of the salted samples was significantly higher
compared with the unsalted (0%) samples. Minor differences
in cooking loss were observed between the different salt
concentrations (3%, 6%, and 9%). In general, the total yield
was lower for the aged samples compared with the nonaged
samples. However, the difference in yield between the two aging
periods was most pronounced in meat samples without salting
(0%) and decreased in salted samples.

1H NMR T2 Distribution. The distributed protonT2 relax-
ation times of green and cooked samples are shown in Figures
2A and 2B, respectively. Figure 2A shows that noncured
samples are characterized by three distinct populations centered
at 1.5-2.5 ms (T2B1), 40-60 ms (T21), and 200-300 ms (T22)
and that the length of aging did not have any pronounced effect
on the T2 characteristics. In contrast, the length of aging
influenced the water characteristics in the cured samples, as aged
samples were characterized by a slight shift in theT21 population
toward longer relaxation times compared with nonaged samples.
The effects of salting onT2 characteristics were evident by a
slight decrease inT2B1 (1-2 ms), a pronounced increase inT21

(70-120 ms) andT22 (500-1000 ms), and the appearance of
an additional population centered at 8-10 ms (T2B2) compared
with noncured samples. To investigate the interaction between
length of aging and salting procedure, the meanT21 relaxation

times were calculated in the green samples for both aged and
nonaged samples and presented as a function of salting-induced
weight gain (Figure 3). For all salt concentrations a significantly
higher meanT21 relaxation time and higher salting-induced
weight gain were obtained in aged samples compared with
nonaged samples. Independent of aging time, the highest mean
T21 relaxation time and the highest salting-induced weight gain
were obtained at a salt concentration of 6%. Cooking resulted
in a more heterogeneousT21 distribution, as seen by a significant
broadening of the signal compared with green samples (Figure
2B). The nonaged and noncured samples (A065) and samples
cured with 9% NaCl (A965) showed a rather broadT21

distribution with two shoulders centered at 20-40 and 60-80
ms. However, independent of salting procedure, no splitting of
T21 distribution was observed in aged samples, even though a
slight tendency to a more heterogeneousT21 relaxation was
evident upon aging for all cured samples.

FT-IR Microspectroscopy. Figure 4 presents the second
derivative of the FT-IR spectra of green samples (Figure 4A)
and cooked samples (Figure 4B) in the amide I region (1700-
1600 cm-1). The minima in the second derivatives refer to
maxima in the original spectra. Figure 4 shows representative

Figure 1. Weight gain (%), cooking loss (%), and yield (%) as a function
of salt concentration for both aged samples. LS mean values are given.
Bars show standard errors.
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IR spectra, which reveal that nine bands at the frequencies of
1695, 1682, 1668, 1660, 1653, 1639, 1628, 1619, and 1610 cm-1

changed according to the tested parameters. Significant changes
in intensity of the absorption band around 1653 cm-1 arising
from R-helical structures caused by aging, salting, and heating
were observed. Aging increased the intensity, whereas both
salting and heating reduced the intensity of the band at 1653
cm-1. In addition, salting tended to change the absorption
frequency of the band around 1653 cm-1, as the frequency of
this band shifted from 1651 cm-1 in unsalted samples to 1654
cm-1 in 9% cured samples (Figure 4A). This observation was
less pronounced in cooked samples (Figure 4B). Moreover, a

visible inspection showed that the bands at 1639 cm-1 and 1628
cm-1 were also clearly affected by heating.

Figure 5 presents the score plots of PCA applied on the 72
spectra of green samples (Figure 5A) and 72 spectra of cooked
samples (Figure 5B) using the amide I region as variables. In
Figures 5A and 5B, a clear clustering according to aging was
observed for unsalted samples and for samples treated with 3%
salt concentration. Furthermore, the clustering according to salt
concentration was distinct only for low salt concentration under
both aging conditions. No clear clustering according to salting
procedure and aging was observed.

To elucidate the effects of aging, salting, and cooking on all
nine selected IR bands further, the effects of these factors were
investigated using PROC GLM. Table 2 summarizes the
assignments of the nine protein absorption bands in the amide
I region and the significant levels for the effects of cooking,
salting, and aging on these nine bands. All nine bands were
significantly affected by cooking, the intensities of bands at
1619, 1628, 1668, and 1694 cm-1 increased, and the bands at
1610, 1639, 1653, 1659, and 1682 cm-1 decreased with heating
temperature. Seven bands were significantly affected by salting,
the bands at 1628, 1668, and 1694 cm-1 increased, and bands
at 1653, 1610, and 1619 cm-1 decreased with increasing salt
concentration. For the band at 1639 cm-1 strong two- and three-
way interactions between cooking, salting, and aging were

Figure 2. Distributed T2 relaxation times of samples (A) without heat
treatment and (B) after heat treatment at 65 °C. Each curve represents
the average of five measurements.

Figure 3. Mean T2 relaxation times as a function of weight gain for
uncooked samples.

Figure 4. Second derivative of the FT-IR spectra in the amide I region
(1700−1600 cm-1) of samples (A) without heat treatment and (B) after
heat treatment at 65 °C. Prior to taking the second derivative, the spectra
were preprocessed by EMSC. Each spectrum represents the average of
nine spectra.
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found. The intensity of the band at 1639 and 1682 cm-1

increased with salt concentration in uncooked meat samples and

decreased in cooked meat. In green samples the bands at 1653,
1639, and 1610 cm-1 were significantly affected by aging, while
for cooked samples the bands at 1653, 1668, and 1694 cm-1

were significantly affected by aging. Figure 6 presents the
absorbance of these six bands mostly affected by aging as a
function of salting procedure. Increases in the absorbance of
R-helical structures around 1653 cm-1 and decreases in the
absorbance of bands at 1639 and 1610 cm-1 caused by aging
were observed in green samples (Figure 6A). In heat-treated
samples, the effect of aging was less evident. The increased
intensity ofR-helical structure around 1653 cm-1 for aged meat
became less pronounced upon salting, while the decreased
intensity of the band at 1668 cm-1 was reduced upon salting.
Moreover, the increase of the absorption at 1694 cm-1 was not
pronounced during aging (Figure 6B).

Correlation between NMR and FT-IR Data. To investigate
the potential correlation between changes in protein secondary
structures and water distribution in the pork samples, PLSR2
was carried out individually for uncooked and cooked samples
because cooking dominates the main variation. Figures 7A and
7B show the correlation loading plots (first and second PLS
component) of PLSR2 with the selected nine FT-IR bands of
the amide I region and the design parameters (salt concentration
and aging) asX and the distributed NMRT2 relaxation times
as Y for green and cooked samples, respectively. For green
samples, the validated explained variances are 46%/27% forX
and 63%/12% forY by the first and the second component,
respectively. The strong absorption band ofR-helices at 1653
cm-1 was closely related to the relaxation times ofT21 centered
at 26-66 ms andT22 centered at 232-285 ms, which were
mainly present in green samples. The absorption bands at 1668,
1694, 1628, and 1639 cm-1 correlated to theT2 relaxation times
within the ranges of 7-11, 68-183, and 508-973 ms, which
were mainly observed in cured samples. Aging tended to affect
the water characteristics in the same way as salting, as seen by
increasedT2 relaxation times. For the cooked samples, the
validated explained variances are 45%/27% forX and 32%/
25% forY by the first and the second component, respectively.
The bands at 1682, 1619, 1610, and 1639 cm-1 were related to
theT2 relaxation times within the range of 13-31 ms. The bands
at 1653, 1659, and 1628 cm-1 were found to correlate with the

Figure 5. PCA score plots using spectra in amide I region as variables
for samples (A) without heat treatment and (B) after heat treatment. For
uncooked samples the explained variance by PC1 and PC2 is 56% and
21%, respectively; for cooked samples the explained variance by PC1
and PC2 is 48% and 31%, respectively.

Table 2. Significant Levels (p-Values) for Heating, Salting, and Aging on the Intensities of Selected Nine FT-IR Bands in the Amide I Regiona

IR bands
in amide I

region (cm-1)
tentative

assignment heating salt aging
heating*

salt
heating*

aging
salt*
aging

heating*
salt*
aging

1694 aggregated
â-sheet

*** *** * ** * *** **

1682 antiparallel
â-sheet

*** *** NS *** NS ** ***

1668 loop structures *** *** ** *** NS *** **
1659 more stretched

R-helices or
loop structures

*** NS NS NS NS NS NS

1653 native
R-helices

*** *** ** NS NS * NS

1639 antiparallel
â-sheet

*** *** *** *** *** *** ***

1628 aggregated
â-sheet

*** *** NS *** NS *** **

1619 aggregated
â-sheet

*** *** NS *** NS NS *

1610 possibly related
to tyrosine

*** *** ** *** * NS NS

a Symbols of p-value: (*) 0.01 < p < 0.05; (**) 0.001 < p < 0.01; (***) p < 0.001. NS ) insignificant.
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T2 relaxation times of 32-84 ms. The absorption bands at 1668
and 1694 cm-1 showed a positive correlation with theT2

relaxation times within the range of 86-94 ms.

DISCUSSION

The technological quality of meat including the water
characteristics is closely associated with the length of the aging
period, which together with salting and cooking procedure
causes changes within the protein structures of importance for
the overall quality of meat products. However, the interactions
between length of aging, salting, and cooking procedures have
hardly been studied in detail. The present study has for the first
time investigated the combined effects of length of aging period
and salting on the changes in muscle protein structures and water
distribution both in green and cooked pork samples using FT-
IR spectroscopy and low-field1H NMR T2 relaxometry,
respectively.1H NMR T2 relaxometry has shown to be able to
visualize the changes in water distribution within meat due to
the changes in meat structure induced by aging (6), salting (31),
and cooking procedure (25,27, 32, 33). Likewise, FT-IR
microspectroscopy has been shown to probe the protein second-
ary structural changes of meat products using frequency and
intensity analysis of the absorption bands in the amide I region
of IR spectra (24-26).

Previous studies have revealed an increase in WHC of fresh
meat as a function of aging (7-10). This is reflected in a
redistribution of the myowater, with the intra-myofibrillar water

becoming more homogeneous after 14 days of aging (6), most
probably due to degradation of myofibrillar proteins and
cytoskeletal proteins, which naturally will weaken the cytosk-
eletal restrictions within the muscle protein matrixs (1, 10). The
present study clearly shows that aging also influences the protein
secondary structures through an increase inR-helices (1653
cm-1) and a decrease in the antiparallelâ-structures (1639
cm-1), loop structures (1668 cm-1), and tyrosine exposure (1610
cm-1) (Figure 6A). Combining all these structural observations,
it seems that during aging an increase inR-helices involving a
decrease in tyrosine exposure, i.e., decrease the exposure of
hydrophobic residues to the aqueous environment, together with
the weakening of cytoskeletal restrictions, allows a more
homogeneous water-protein exchange, as reflected in the more
well-defined water distribution progressing throughout aging (6).

As mentioned previously, the effect of aging prior to the
processing of meat on the subsequent yield has to the authors’
knowledge only been studied to a limited extent (13). The
comparison of nonaged and aged pork revealed a significantly
higher salt-induced swelling in the aged pork samples and
maximum swelling at salt concentrations of 3% and 6% (Figure
1), which by the NMR measurements could be ascribed to the
increasedT21 relaxation times of water within the myofibrillar
network and the high intensities ofT21 distribution for aged
samples (Figure 2). Moreover, the FT-IR measurements revealed
that the improved weight gain upon salting of aged pork
corresponds to an enhanced formation of aggregatedâ-structures

Figure 6. Absorbance of the selected FT-IR bands (negative second derivative) as a function of salt concentration for both aged samples. (A) Significant
bands on aging for uncooked samples; (B) significant bands on aging for cooked samples.
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at the expense ofR-helices in aged meat (Figure 6A). The
observed sodium chloride-induced formation ofâ-structures at
the expense ofR-helices with increasing ionic strength has
previously been reported for other protein systems (34, 35).
Thus, the level ofR-helices within the protein matrix seems
critical in the salting process, as the transformation of these
structures into aggregatedâ-structures appears to be a driving
factor during salting, which allows more water to be trapped in
the myofibrillar protein network. Consequently, the present study
shows for the first time that besides the well-known effect of
sodium chloride on myofibrillar protein repulsion and dissolution
on the water characteristics in meat (32, 36-38), the specific
myofibrillar protein structures are also decisive for the myo-
fibrillar protein network ability to trap water and the charac-
teristics of the intra-myofibrillar water population. In addition,

the changes in absorbance frequency of anR-helical structure
caused by salt treatment in this study may indicate thatR-helices
undergo conformational changes, and the strength of the
involved hydrogen bonding weakens with increasing salt
concentration. To elucidate the effects of aging and salting, a
PCA analysis of green samples was performed, which revealed
that the effect of aging depends on the salt concentration, as a
more pronounced clustering according to aging was observed
at lower salt concentrations. This implies that a high salt
concentration blurs the effect of aging on changes in protein
secondary structures, which might be due to increasing dissolu-
tion of the myofibrillar proteins that hereby noticeably eliminate
effects on the different protein structures.

Cooking has previously been shown to have dramatic effect
on protein structures and water characteristics of meat, resulting

Figure 7. Correlation loading plot (first and second PLS component) of PLSR2 with selected variables of the (negative) second derivative of the amide
I region of the FT-IR spectra and design as X and distributed NMR T2 relaxation times as Y. (A) For uncooked samples, the validated explained
variances are 46%/27% for X and 63%/12% for Y, the first and the second component, respectively; (B) for cooked samples, the validated explained
variances are 45%/27% for X and 32%/25% for Y, the first and the second component, respectively.
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in pronounced loss of water from the intra- and inter-myofibrillar
protein network (25). Likewise, upon heating we observed in
the present study a prominent increase in aggregatedâ-sheet
structures and decrease inR-helixes together with a simultaneous
broadening in theT21 distribution and decrease in relaxation
times, which resemble the physical shrinkage of the intra-
myobrillar protein network described by Offer (36).

Interestingly, we registered bimodalT21 distributions upon
cooking of the noncured and 9% of the cured samples, which
had not been aged. We assume that this splitting of theT21

distribution upon heating can be associated with the interaction
of native and aggregated structures or transition states in the
ongoing protein denaturation. The observation of no splitting
of theT21 population in aged meat samples implies that structural
constraints may cause this splitting, which is eliminated during
aging as a consequence of a weakening of cytoskeletal restric-
tions. This is further supported by the fact that the bimodalT21

distributions also disappear when the samples were further
cooked at higher temperature (data not shown).

Even though aging as previously mentioned has been found
to increase meat’s ability to retain inherent water (1,10), the
structural changes and simultaneous water characteristics clearly
do not promote the meat’s ability to retain water upon cooking
(Figure 1). The high cooking loss of aged samples reveals that
the weakened protein structure during postmortem aging cannot
tightly trap added water during cooking. Additionally, the
increase in cooking loss in aged meat may be due to stronger
aggregation of the proteins after aging. However, salting
significantly reduced the difference in yield between nonaged
and aged samples, which is consistent with the decreased
difference inT2 between nonaged and aged samples. This is
the case because the decrease inT2 generally reflects the
shrinkage of myofibrils and loss of water, while the increase of
T2 indicates the swelling of meat protein and gain of water
content (Figure 2). Furthermore, the decreased difference in yield
between nonaged and aged samples with increasing salt
concentration can be explained by the FT-IR data, as the good
clustering according to aging was only well-observed for
nonsalted and salted samples treated with 3% salt concentration
in the score plots of PCA using the amide I region of FT-IR
spectra as variables (Figure 5B). The cooking loss with
increasing temperature can be ascribed to the increase in
aggregatedâ-sheet structures and the decrease in nativeâ-sheet
and R-helical structures. The age-induced changes in protein
secondary structure of cooked pork were the high content of
R-helical structures, but salting weakened the difference of
R-helical structures between nonaged and aged samples (Figure
6B).

The relationship between the changes in protein secondary
structure and water distribution upon aging, salting, and cooking
was also investigated using PLSR2. Cooking has the most
dominating effect on observed changes in protein secondary
structures and water distribution. Cooking causes a prominent
increase in aggregatedâ-sheet structures and decrease in native
â-sheet andR-helical structures, which contribute to the
broadening ofT21 distribution, decrease of relaxation times, and
the loss of water upon cooking. The splitting ofT21 distribution
on cooking is supposed to be associated with the interaction of
native and aggregated structures or transition state of protein
denaturation. In uncooked samples, the dominating band of
R-helices at 1653 cm-1 is linked to theT2 relaxation times
centered at 26-66 ms, reflecting myofibrillar water, and 232-
285 ms, reflecting extra-myofibrillar water in raw meat. The
increase ofT21 relaxation times caused by salting may be related

to the increase ofâ-sheet structures at 1682, 1639, 1628, and
1694 cm-1. The increase ofT22 relaxation times is probably
associated with the increased aggregatedâ-sheet structures at
1628 and 1694 cm-1. Finally, the relatively weak aging effect
is not well-explained by the correlation-loading plot in both
uncooked and cooked pork.

In conclusion, water distribution and changes in protein
secondary structures in pork exposed to different aging times
and subsequent salting and cooking were for the first time
investigated using combined1H NMR relaxometry and FT-IR
microspectroscopy. The increases in1H NMR T2 relaxation
times and the promoted water uptake caused by the interaction
of aging time and salting are in addition to the well-known
mechanisms also brought about by an increase in nativeâ-sheet
structure induced by salting and an increase of nativeR-helical
structure induced by aging. The higher weight gain upon salting
for aged pork is consistent with the increase of relaxation times
for aged meat before cooking. The decrease ofT2 relaxation
times, broadening ofT2 distribution, and loss of water upon
cooking are attributed to the increase of aggregatedâ-sheet
structure because of the thermal denaturation. The observed
higher cooking loss in aged pork was counteracted through
salting with increasing salt concentrations being most effective,
which corresponds to the less evident effect of aging on protein
secondary structural changes for samples treated with high salt
concentrations.
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