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Abstract 23 

 24 

The objective of this study was to investigate the influence of NaCl and two salt substitutes, 25 

MgSO4 and KCl, in different concentrations (1.5, 6.0 and 9.0 %) on meat proteins by using 26 

Fourier transform infrared (FTIR) microspectroscopy. Hydration properties and secondary 27 

structural properties of proteins were investigated by studying the amide I, amide II and water 28 

region (3500-3000 cm-1) in FTIR spectra. By applying multivariate analysis (PCA and PLSR) 29 

differences between samples according to salt concentration and salt type were found and 30 

correlated to spectral bands. The most distinctive differences related to salt type were 31 

obtained by using the water region. It was found that samples salted with MgSO4 exhibited 32 

hydration and subsequent denaturation of proteins at lower concentrations than those salted 33 

with NaCl. Samples salted with KCl brines showed less denaturation even at the 9.0 % 34 

concentration. The FTIR results were further supported by water binding capacity (WBC) 35 

measurements. 36 

 37 

Keywords: 38 

FTIR microspectroscopy, protein secondary structure, hydration, myofibrillar proteins, salt 39 

substitutes, WBC. 40 



 3 

Introduction 41 

In recent years, the increased consumption of dietary sodium seen in the western world has 42 

been linked to detrimental health effects (1-3). Thus, a need for reducing NaCl in highly 43 

consumed food products like processed industry foods (4, 5) has emerged. Apart from 44 

lowering down the level of added salt (NaCl) in processed foods, there are several major 45 

approaches in reducing the sodium level, while the utilization of salt substitutes is the most 46 

frequently used alternative (4-6). However, NaCl displays multiple functional roles in 47 

processed foods: it increases water binding capacity (WBC), inhibits microbial growth and 48 

improves taste and processability (5). In muscle foods, many of these properties are connected 49 

to the meat protein structure, particularly texture, tenderness and WBC (5, 7). When NaCl is 50 

reduced or replaced these properties inevitably change.  51 

During the last decade a number of salt replacers has become commercially available (8). An 52 

appropriate salt replacer needs to have acceptable sensory properties as well as functional 53 

properties. Two candidates for successful salt replacers are KCl and MgSO4, with KCl being 54 

one of the most common NaCl substitutes nowadays (6, 9, 10). MgSO4, on the other hand, is 55 

used in some of commercially available salt mixtures replacing pure NaCl (5, 11).  56 

The interaction of NaCl with the food matrix has been studied by many authors (4, 9, 10, 12-57 

15), but the biophysical rational behind the mechanisms of the interaction between NaCl and 58 

the protein matrix in muscle foods is still only partially understood. In recent years, Fourier 59 

transform infrared (FTIR) microspectroscopy has been used for monitoring conformational 60 

changes of myofibre proteins. By utilization of FTIR microspectroscopy, in situ spectra of 61 

single myofibre cells can be obtained. Böcker et al. showed by employing FTIR 62 

microspectroscopy that changes in tertiary structure of the myofibers during swelling and 63 

shrinkage may be directly related to changes in the secondary structure of myosin molecules 64 

(16). FTIR microspectroscopy has also been employed to study conformational changes in 65 
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proteins as a function of salt concentration (16). Furthermore, in combined FTIR and low 66 

field NMR studies conformational changes in proteins due to different salt concentrations 67 

have been related to water binding properties (17, 18). Since it is very likely that salt replacers 68 

change the biophysical situation on a molecular level, similar studies involving different salt 69 

replacers are urgently needed. Moreover, it is known that FTIR spectroscopy can also provide 70 

information about water molecules interacting with protein molecules and salt ions (19-21). 71 

This potential has yet to be utilized for studying the interaction between salt substitutes and 72 

meat matrices.  73 

The main objective of this study was to investigate and assess the differences in the effects of 74 

NaCl, KCl and MgSO4 on the protein structure and hydration properties in bovine meat using 75 

FTIR microspectroscopy. In order to do this we used FTIR spectra to:  76 

(I) determine changes in protein secondary structure and water interactions through analyzing 77 

the amide I (1600-1700 cm-1) and the amide II regions (1500-1600 cm-1),  78 

(II) assess and estimate the interaction of protein molecules with water through analyzing the 79 

region between 3000 and 3500 cm-1, denoted as the “water region” that also includes amide A 80 

and amide B bands (22), as well as information about the OH stretching vibration of water 81 

molecules, and  82 

(III) correlate these different sample characteristics by using multivariate analytical methods 83 

based on latent variables, such as principal component analysis (PCA) and partial least 84 

squares regression (PLSR).  85 

Band assignment of respective underlying bands in all selected regions has also been 86 

attempted both in accordance to literature and to multivariate data analysis. In addition, 87 

measurement of water binding capacity (WBC) of brined meat was performed to validate the 88 

results obtained by FTIR microspectroscopy. 89 

   90 
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Materials & Methods 91 

Sample preparation: Samples of beef muscle (longissimus dorsi) were obtained from four 92 

different animals (breed: Norwegian Red) after 48 hours post rigor (obtained from a 93 

commercial slaughter). From each animal, two muscle blocks of approximately 4 × 4 × 1 cm 94 

were excised and placed in each of 9 different salt brines. The salt brines were comprised of 95 

pure NaCl, KCl and MgSO4 (Merck, Germany) solutions, made in 1.5 %, 6.0 % and 9.0 % 96 

total salt weight percentage concentration.  To avoid dilution of the salt brines, the mass ratio 97 

of meat to brine was set to approximately 1:8. The samples were kept in brines at 4 ºC for 48 98 

hours with 0.05 % NaN3 added in order to prevent any possible deterioration caused by 99 

microbial growth. 100 

Water binding capacity: Commercially available fresh samples of beef muscle (longissimus 101 

dorsi) were obtained and consecutively brined in the same way as aforementioned. From each 102 

of the 4 commercial packages two slices of 3 x 3 x 1 cm were excised and placed in each 103 

brine, resulting in a total of 8 replicates in each of the 9 salt brines. Afterwards, the expressed 104 

juice was measured by the filter paper press method (23): meat samples were placed between 105 

5 layers of filter paper (Whatman 1, 70 mm diameter) and consecutively pressed by aluminum 106 

plates using a TA.HDi Texture Analyser (Stable Micro Systems Ltd, England), with a 107 

velocity of 0.8 mm/s until a 50 % reduction of the sample thickness. After the 50 % sample 108 

thickness reduction was reached, the plates were immediately pulled back. The percentage of 109 

expressed juice was calculated as the mass of expressed juice divided by the initial sample 110 

mass (i.e. the sample mass before applying pressure). 111 

FTIR microspectroscopy: For FTIR microspectroscopic measurements, two muscle blocks 112 

of approximately 1.0 x 0.6 x 0.3 cm were excised from each of the muscle samples, 113 

consecutively embedded in O.C.T. compound (Tissue-Trek, Electron Microscopy Sciences, 114 

Hatfiles, USA), and snap-frozen in liquid N2. Afterwards, all of the samples were transferred 115 
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to a -80 ºC freezer where they were stored until cryo-sectioning, which was performed 116 

transversely to the fiber direction on a Leica CM 3050 S cryostat (Leica Microsystems 117 

Wetzlar GmbH, Wetzlar Germany). The sections were cut in 10 μm thickness, thaw-mounted 118 

on infrared transparent ZnSe slides and subsequently stored in a desiccator before acquisition 119 

of the FTIR spectra. 120 

Acquisition of FTIR spectra was performed on an IRScopeII FTIR microscope coupled to an 121 

Equinox 55 FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Germany), equipped with a 122 

liquid nitrogen-cooled mercury cadmium telluride (MCT) detector. Spectra were collected 123 

from single myofibers in transmission mode in the range from 4000 to 1000 cm-1, with 124 

spectral resolution of 4 cm-1 using a 15X objective lens.  125 

For each spectrum 64 interferograms were collected and averaged. Both spectrometer and 126 

microscope were sealed by a specially designed box and were continuously purged with dry 127 

air in order to reduce the spectral contribution of water vapor and CO2. Additional 128 

compensation for water vapor/CO2 variation was accomplished by taking background spectra 129 

of the ZnSe substrate. From each of the snap-frozen meat blocks (1.0 x 0.6 x 0.3 cm) 2 cryo-130 

sections were excised, and from each of the cryo-sections 15 spectra were obtained on 131 

different single myofibers. This resulted in acquisition of 30 spectra per experimental 132 

treatment and animal. The final data set consists of 1080 spectra (30 spectra times 4 animals 133 

times 9 brines). 134 

Data analysis: Spectra were subjected to a quality test developed by Bruker (Bruker Optik 135 

GmbH, Ettlingen, Germany) which involves testing spectra for signal-to-noise ratio, signal 136 

intensity and water vapor amount within the predefined limits for each of the criteria. Spectra 137 

not passing the predefined limits were removed.  138 

Second derivatives of the spectra were calculated using the Savitzky-Golay algorithm (24) in 139 

order to resolve the overlapping bands of individual vibrations in three different regions: 140 
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water region (3500-3000 cm-1), amide I region (1700-1600 cm-1) and amide II region (1600-141 

1500 cm-1). Since the bands in the water region are generally much broader and the water 142 

region is also subjected to a higher level of water vapor, a bigger window for calculating 143 

second derivative by the Savitzky-Golay algorithm was used in this region: a window of 37 144 

smoothing points was used for the water region, while in the amide I and amide II regions, we 145 

applied a window size of 11 smoothing points. Since spectral reading was approximately one 146 

absorbance value per cm-1, the window size for calculating second derivative in water region 147 

corresponds to approximately 36 cm-1, while in amide I and II regions it corresponds to 148 

approximately 11 cm-1.  149 

The spectra were thereafter averaged by taking the mean of all replicate spectra of the same 150 

muscle block, resulting in 4 spectra per brine and animal (2 muscle blocks times 2 cryo 151 

sections). Afterwards, the spectra were pre-processed using extended multiplicative signal 152 

correction (EMSC) (25, 26) in region 1800-1000 cm-1 for amide I and II region and 4000-153 

1000 cm-1 for water region bands. This provides the ability to separate and characterize the 154 

unwanted physical effects (e.g. differences in sample thickness and light scattering) and 155 

desired chemical information (e.g. protein secondary structure) that are contained in the 156 

spectra (25).  157 

After pre-processing, the data were analyzed by principal component analysis (PCA) and 158 

partial least square regression (PLSR) (27). PCA was used to study the unsupervised variation 159 

pattern in the data (28) and partial least squares regression (PLSR) was performed in order to 160 

relate different spectral regions. In PLSR models, the water region was used as X matrix, 161 

while as Y matrix amide I and amide II regions were used separately. Correlations between 162 

FTIR variables, design variables and latent variables were studied by correlation loading 163 

plots, in which the correlations between variables and PLS/PCA score vectors are plotted. In 164 

correlation loading plots both variables that were part of the PCA/PLSR modeling and 165 
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variables that were kept outside the modeling step were plotted. Design variables were never 166 

used to build PCA or PLSR models. When design variables were plotted in correlation 167 

loading plots, they were defined as indicator variables, i.e. one column for each design 168 

variable in which 1’s and 0’s indicate if the sample belongs to the respective design condition 169 

or not, respectively. All PCA and PLSR results are consecutively validated by cross-170 

validation (29, 30), where samples referring to the same animal are taken out in each cross-171 

validation loop. All variables are divided by their standard deviation before analysis by PCA 172 

and PLSR. 173 

For calculating PCA and PLSR models, whole FTIR regions including all variables were 174 

used. For the sake of clarity, the correlation loading plots were presented by using only 175 

positions of the minima in second derivative spectra, which correspond to positions of band 176 

maxima in non-derivative spectra. Certain FTIR bands exhibit shift in minima position. In the 177 

plots this is manifested as continual assembly of variables close to each other and is 178 

particularly visible in water region variables. 179 

Pre-processing and data analysis were performed using in-house developed routines written in 180 

MATLAB (version 7.10 The MathWorks, Natick, MA) and The Unscrambler (version 10.1 181 

CAMO Process AS, Norway).  182 

 183 

Results  184 

Band assignment 185 

Examples of FTIR spectra obtained from single myofibers from tissue sections are shown in 186 

Fig. 1. Specific regions of the FTIR spectra that were used for the analysis are marked with 187 

grey shades in Fig. 1a and include the water region (3500-3000 cm-1), the amide I region 188 

(1700-1600 cm-1), and the amide II region (1600-1500 cm-1). Second derivative spectra of 189 

these three regions are shown in Fig. 1b, c and d, respectively. Correspondingly, a summary 190 
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of tentative assignments of the bands, which is in accordance with our previous work and 191 

literature (18, 31) is given in Table 1. As it has been shown, each of these regions provides a 192 

specific type of information on protein structure and protein hydration, which is available 193 

through analyzing the properties of vibrations that the specific region is comprised of. More 194 

specifically, the amide I region (1700-1600 cm-1) presented in Fig. 1c provides detailed 195 

information about the protein backbone, mainly through dominating contributions of the C=O 196 

stretching vibration (20, 32). Due to its high sensitivity to protein secondary structure, the 197 

amide I band is often used to study protein folding, unfolding and aggregation. The amide II 198 

region (1600-1500 cm-1) that is presented in Fig. 1d consists mainly of N-H in-plane bending 199 

and C-N stretching vibrations (32). The assignment of bands in the amide II region is not as 200 

clear as in the amide I region, which is why the latter region is often preferred in protein 201 

structure analysis by FTIR spectroscopy (22). Finally, the water region (3500-3000 cm-1) 202 

presented in Fig. 1b consists mostly of N-H stretching vibrations and O-H stretching bands, 203 

including the amide A and B bands (19, 22). 204 

 205 

PCA results – protein-water interactions 206 

In order to study differences in protein structures and hydration properties as a function of salt 207 

concentration and salt type, principal component analysis was performed on second derivative 208 

spectra of the amide I region and the water region, separately. Score plots for the first and 209 

second principal components (PCs) for both regions are presented in Fig. 2. Score plots of the 210 

amide I region variables are presented in the first row of Fig. 2 (Fig. 2a and 2b), while score 211 

plots of the water region variables are presented in the second row (Fig. 2c and 2d). Labeling 212 

of samples was done with respect to the experimental design: salt concentration label (first 213 

column of Fig. 2a and 2c) and salt type label (second column of Fig. 2b and 2d). 214 
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Amide I: As it can be seen in Fig. 2a, the effect of salt concentration spans most of the 215 

variation in the amide I variables, causing samples that are treated with different salt 216 

concentrations to cluster together. The calibrated explained variance for PC1 is 54.5 %, while 217 

the validated explained variance is 53.6 %. The first PC accounts for most of this 218 

concentration effect, since the major part of the 9 % samples is clearly separated from the rest 219 

of the samples along the PC1. Furthermore, on the same figure it is visible that the 1.5 % 220 

samples are clearly separated from the rest of samples along PC2. The calibrated explained 221 

variance for PC2 is 16.9 %, while the validated explained variance is 16.5 %. We can also see 222 

that within the different concentration clusters (visible in Fig. 2a), there is a minor degree of 223 

separation with respect to salt type (Fig. 2b). The effect of different animals was also 224 

investigated, but the score plots did not show any visible clustering of samples due to animal 225 

type (results not shown). This leads to the conclusion that the effect of different animals is 226 

much smaller than effects of salt type and salt concentration and that this effect as such does 227 

not significantly affect the differentiation between samples. 228 

Water region: Unlike in the amide I region, clustering of samples is visible for both salt type 229 

and salt concentration in the water region as presented in Fig. 2c and 2d. Within the clusters 230 

due to salt type, sub-clusters due to concentration are also visible. The calibrated explained 231 

variance for PC1 is 60.5 %, while the validated explained variance is 60.3 %. In the first PC a 232 

clear distinction between KCl and NaCl brines is visible, while the difference between 233 

MgSO4 (bottom) and NaCl and KCl brines (top) is visible in PC2. The calibrated explained 234 

variance for PC2 is 18.1 %, while the validated explained variance is 17.9 %. Similarly to the 235 

amide I region clusters due to the different animals are not visible in score plots of water 236 

region variables (results not shown).  237 

In order to assess specific spectral features that are causing the distinction of the samples 238 

presented in the PCA score plots, the corresponding correlation loading plots are displayed. 239 
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The correlation loading plots of these PCA models are presented in Fig. 3. More precisely, the 240 

Fig. 3a depicts the correlation loading plot of PC1 and PC2 of the amide I region, including 241 

design variables. Equivalently, Fig. 3b depicts the correlation loading plot of PC1 and PC2 of 242 

the water region variables, including design variables. Since the score plots showed 243 

tendencies of interactions between certain salt types and concentrations such as between 244 

MgSO4 salt type and 6 % concentration, all possible interactions between design variables are 245 

included and presented in the plots. Interaction variables are simply calculated as products of 246 

the design variables. 247 

Amide I (see Fig. 3a): The main variation in the positive direction of PC1 is due to variables 248 

around bands assigned to aggregated β-structures at 1630 and 1693 cm-1 (32-35) and anti-249 

parallel β-structures at 1683 cm-1 (22, 33). In some specific cases these bands are also 250 

associated with protein hydration differences (19). The main variation in the negative 251 

direction of PC1 is due to variables around a band at 1655 cm-1 related to native α-helical 252 

structures and water vibration (20, 32, 33, 36-38) and variables around a yet non-assigned 253 

band at 1614 cm-1. Thus, the design variables 9 % salt concentration, 9 % NaCl and 9 % 254 

MgSO4 brines are strongly positively correlated to bands attributed to aggregated β-structures. 255 

The main variation in PC2 may be explained by a shift of the band at 1655 cm-1 from higher 256 

to lower wavenumbers, while the lower wavenumbers are shifted towards the positive 257 

direction of PC2. In addition to this, a band assigned to non-hydrogenated C=O groups at 258 

around 1668 cm-1 (32, 35) and a band tentatively assigned to turns (22) at 1674 cm-1 are 259 

negatively correlated to PC2. The design factors related to 1.5 % salt concentration brines and 260 

1.5 % of NaCl brines are both positively correlated to PC2, although this correlation is not 261 

very strong. 262 

Water region (see Fig. 3b): The first PC of the PCA model of the water region variables is 263 

explained by a shift from wavenumbers 3283 cm-1 to 3290 cm-1. The corresponding band 264 
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around 3290 cm-1 is assigned to the amide A band (between 3270 and 3310 cm-1), which is 265 

exclusively located on the NH group and for that reason is not sensitive to the conformation 266 

of the polypeptide backbone in proteins (22). However, the frequency of this band depends on 267 

the strength of the hydrogen bond (22). A band around 3063 cm-1 and a band around 3361cm-268 

1 are explaining a major part of the variation along PC2. The band around 3063 cm-1 together 269 

with the design factors related to NaCl salt brines is positively correlated to the PC2. This 270 

band is assigned to amide B, the second part of the Fermi resonance doublet (with amide A 271 

being the first part) absorbing weakly between 3100 and 3030 cm-1 (22). In small peptide 272 

molecules this band is attributed to the overtone of the amide II vibration and in β-sheet 273 

structures it is associated with the amide II combination mode (22). Alternatively, this same 274 

band is assigned to NH stretching vibrations of intra-molecularly hydrogen bonded NH 275 

groups (22, 39). The band at 3361cm-1 which is negatively correlated with PC2 is assigned to 276 

both the N-H stretching band and the amide II overtone (19, 22, 39).  A band around 3420 cm-277 

1 (19, 22) which is assigned to non-hydrogenated NH groups and a band around 3120 which is 278 

not assigned (and also appears as a shoulder to the 3190 cm-1 band) are also negatively 279 

correlated to PC2. Design variables related to KCl brines are weakly negatively correlated to 280 

PC1. The design variables referring to MgSO4 brines are negatively correlated to PC2, and 281 

therefore strongly positively correlated to non-hydrogenated NH groups. 282 

In addition to this, higher principal components were also taken into consideration (data not 283 

shown). The variation explained by these components enabled only the distinction between 284 

low (1.5 %) and higher (6 and 9 %) salt concentrations (only in PC 3 and 4), and no 285 

significant variance due to different salt types were found. 286 

 287 

PLSR results 288 
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In order to relate information about protein conformations, hydrogen bindings and water, a 289 

PLSR was performed. For this purpose water region variables were used as X, and the amide I 290 

and II regions were defined as Y. The corresponding correlation loading plots are shown in 291 

Fig. 4a and Fig. 4b, respectively. Design variables including interactions between salt 292 

concentrations and salt types were pacified in the calculation of the PLSR models, such that 293 

they were not affecting the model. The X variables are plotted in black color, Y in blue and 294 

design variables in green. It can be seen that all applied salt types explain variations with 295 

respect to secondary structure of proteins combined with protein hydration (both amide I and 296 

amide II defined as Y variables) and their hydration properties (X variables). The same is 297 

apparent for the applied concentrations. 298 

Amide I (Y) and water region (X) (Fig. 4a): The first component is explaining 30.4%/27.6% 299 

of the variance in the X and Y blocks, respectively. After validating this model by cross-300 

validation, the explained variance for PC1 is 29.3%/26.6% for X and Y respectively. Further, 301 

bands at 1631 cm-1 (aggregated β-structures) (32-35), 1682 cm-1 (antiparallel β-sheet 302 

structures) (20, 32, 33, 37), 1638 cm-1 (assigned to aggregated β-structures or water 303 

deformation mode) (36, 38)  and bands at around 3400 cm-1 (assigned to hydrogenated N-H 304 

groups or OH stretching vibration) (19, 22, 39) are positively correlated to PC1 and therefore 305 

also positively correlated to design variables 9 % MgSO4, MgSO4 and 9 % concentration. The 306 

main variation in the negative direction of PC1 is due to bands at 1655 cm-1 (α-helical 307 

structures), 1616 cm-1 (possibly tyrosine)(33, 40), 1674 cm-1 (turns), 3190 cm-1 and 3035 cm-1 308 

(not assigned). The band at around 1655 cm-1 is also known to be related to water vibrations 309 

(36, 38). However, in our correlation loading plots this band is always negatively correlated to 310 

vibrational bands of hydrogenated NH groups at above 3400 cm-1 and at 1638 cm-1 band 311 

attributed to water bending vibration (Fig. 3a and 4), and therefore we are mainly attributing it 312 

to protein α-helical structures and corresponding hydration changes. The design variables 6 % 313 



 14 

salts, 6 % KCl, KCl brines and 6 NaCl brines are also negatively correlated to PC1. The 314 

second component is explaining 25.1%/12.1% of the variance in the X and Y blocks, 315 

respectively (after cross-validation 24.9%/11.6%). In the positive direction of PC2 the main 316 

variation is due to N-H stretching vibration at 3063 cm-1 (somewhat ambiguously assigned to 317 

amide II overtone, amide B and intra-molecularly hydrogen bonded NH groups) (22, 39) and 318 

1674 cm-1. The design variable 6 % NaCl is close to the band at 1674 cm-1 in the correlation 319 

loading plot. Design variables 9 % NaCl and 6 % NaCl and NaCl are positively correlated to 320 

PC2 and thus to amide II overtones. Variables around 3125 cm-1 and a band at 1618 cm-1 are 321 

contributing the most to the main variation in the negative direction of PC2,. The variables 322 

around 3125 cm-1 refer to a not assigned and very weak shoulder in the spectra, while the 323 

band around 1618 cm-1 has previously been assigned to tyrosine (40, 41) or protein-water 324 

interaction in casein micelles investigation (36).  Both bands are strongly positively correlated 325 

to the design variables 1.5% MgSO4, 6 % MgSO4 and MgSO4 as well as to design variables 326 

1.5 % KCl and 1.5 %. 327 

Amide II (Y) and water region (X) (Fig. 4b): The first component is explaining 328 

33.7%/25.1% of the variation in the X and Y blocks, respectively (after cross-validation 329 

32.8%/24.3%). The variation in the positive direction of PC1 is mostly due to bands assigned 330 

to non-hydrogenated N-H groups at above 3400 cm-1. These bands are strongly correlated to 331 

MgSO4 brines, since the design variables 6 % MgSO4, 9 % MgSO4 and MgSO4 are all 332 

positively correlated to PC1, while 9 % MgSO4 and MgSO4 are somewhat stronger correlated. 333 

The main variation in the negative PC1 direction is mainly due to a band at 1584 cm-1 334 

assigned to α-helical structures (33), and bands at  3190 cm-1, 3035 cm-1 (both not assigned) 335 

and a band around 1575 cm-1 which is assigned to amide II without further specification (33). 336 

These bands are positively correlated to the design variables KCl brines, 6% KCl and 6 % 337 

concentration. PC2 accounts for 19.1%/11.6% of the variance in the X and Y blocks, 338 
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respectively (after cross-validation 17.34%/9.3%). The main variation in the positive direction 339 

of PC2 is due to the band at 1516 cm-1 which is assigned to tyrosine (33, 40) and a band at 340 

3063 cm-1 assigned to the N-H stretching band of the amide II overtone (22, 39). The design 341 

variables 9 % brines and 6 % NaCl and 9 % NaCl are positively correlated to these bands. The 342 

main variation in the negative PC2 direction is due to variables close to but below the band at 343 

1572 cm-1 (not assigned) with a very weak contribution of the band at 1567 cm-1 which is 344 

ambiguously assigned to either amino acid side-chain residues (22, 42) or aggregated β-345 

structures (33). Design variables that are closely related to these bands are 1.5 % brines, 1.5 % 346 

Na, 1.5 % KCl and 1.5 % MgSO4 brines.   347 

PLSR models were also established by splitting the data in subsets where each subset 348 

corresponded to one concentration (1.5 %, 6% and 9 % brines). For each concentration 349 

separately, the variation introduced by the different salt types was studied. In Fig. 5, the 350 

correlation loading plot for the PLSR model of the 6 % concentration is presented. The model 351 

was calculated using water region variables as X and amide I variables as Y variables, while 352 

amide II and design variables were pacified and plotted together with the other variables in 353 

the correlation loading plot. The first component is explaining 48.2%/27.2% of the variation 354 

in the X and Y blocks, respectively (after cross-validation 45.4%/23.3%). The main variation 355 

in the positive direction of PC1 is caused by variables around the bands at 1674 cm-1 (turns), 356 

3035 cm-1 (not assigned) and 3190 cm-1 (not assigned). All these bands are strongly positively 357 

correlated to variables around the amide II bands at 1594 cm-1 and 1584 cm-1. The main 358 

variation in the negative direction of PC1 is caused by the variables around the bands at above 359 

3400 cm-1 (hydrogenated N-H groups), at 3290 cm-1 (N-H stretching band, amide A or 360 

hydrogen bonded NH groups) (21, 22, 39, 42), at 1631 cm-1 (aggregated β-structures) and 361 

1682 cm-1 (antiparallel β-structures). All these bands are strongly positively correlated to 362 

MgSO4 salts. The second component is explaining 12.8%/19.1% of the variation in the X and 363 
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Y blocks, respectively (after cross-validation 5.2%/3.6%). Variables around the amide I bands 364 

at 1638 cm-1, 1690 cm-1 and 1682 cm-1 are positively correlated to PC2 and thus positively 365 

related to bands around the 1537 cm-1 band which have been assigned to aggregated β-366 

structures. Variables around the bands at 1611 cm-1 and 1618 cm-1 are negatively correlated to 367 

PC2.  368 

Water Binding Capacity (WBC) 369 

In order to elucidate the relationship between water binding capacity and the observed 370 

differences in protein hydration and denaturation characteristics between the different salts, an 371 

additional experiment was performed. The results from water binding capacity measurements 372 

are presented in Fig. 6, where the percentage of expressed juice is plotted for each brine. As it 373 

can be seen, the overall trend is that with increasing concentration of salt, the amount of 374 

expressed juice is decreasing (from 10.5 % to 5.1 % for NaCl brines, from 8.4 % to 4.5 % for 375 

MgSO4, and from 11.0 % to 8.4 % for KCl brines), which directly corresponds to increased 376 

WBC. The highest WBC (lowest amount of expressed juice) in the 1.5 % concentration range 377 

is found in samples treated with MgSO4 (8.4 %), while the lowest WBC is found for KCl 378 

(11.0%), which was also close to samples treated with NaCl (10.5 %). Overall, samples 379 

treated with MgSO4 exhibit higher similarity to samples treated with NaCl than to samples 380 

treated with KCl. Finally, samples treated with MgSO4 brines exhibit the highest WBC in all 381 

of the applied concentrations. The results obtained by WBC measurements show a high 382 

correspondence to the results obtained by FTIR microscopy. This again is showing that the 383 

changes in the secondary structure of the myofibrillar proteins can be connected to 384 

macroscopic properties of meat, such as WBC. 385 

 386 

Discussion  387 

Myofibrillar proteins: secondary structure, hydration and denaturation  388 
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Salting of meat is associated with changes in the water binding capacity of the meat proteins 389 

and it is also linked to protein destabilization and denaturation when salt concentration 390 

increases (16, 33). Destabilization and denaturation of proteins in meat tissues as well as their 391 

hydration can be monitored in the amide I region (1700-1600 cm-1) and the water region 392 

(3500-3000 cm-1) of FTIR spectra. The amide I region (Fig. 1b) provides detailed information 393 

about protein backbone, mainly through dominating contributions of the C=O stretching 394 

vibration (20, 32). The analysis of the PCA score plots made on the amide I region (Fig. 2a-c) 395 

unveils that the main variation pattern in the amide I region is caused by differences in salt 396 

concentration. This difference in salt concentration also seems to be the main factor for 397 

protein secondary structural changes in the meat proteins in the present experiment. When 398 

examining the corresponding correlation loading plot in Fig. 3a, we can see that high salt 399 

concentrations are related to the band at ~1631 cm-1 together with a weaker band at around 400 

1693 cm-1, which have been assigned to aggregated β-structures in meat tissue samples (32, 401 

34, 35). The increase in intensity of this band corresponds to increase in amounts of 402 

aggregated β-structures. This is also often followed by a decrease in intensity of the band at 403 

~1655 cm-1, a pronounced intensive band with a weak shoulder occurring at lower 404 

wavenumbers, that can be assigned to C=O stretching vibrations originating from α-helical 405 

structures in the myofibrillar proteins (20, 32, 33, 37) and to water vibrations (36, 38). 406 

Conversely, the α-helical band around 1655 cm-1 is located at the opposite side of the 407 

aggregated structures and hydrogenated  NH groups in the correlation loading plot in Fig. 3a, 408 

which shows that the increase of aggregated structures with high salt concentrations is related 409 

to a decrease of α-helical structures in the studied myofibrillar proteins. This finding is in 410 

agreement with literature (16, 31), where a rise in NaCl concentration in brine salting of pork 411 

meat was found to be inducing an increase in non-hydrogenated C=O groups and aggregated 412 

β-structures at the expense of native α-helical structures (16, 33, 43). On the other hand, the 413 
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amide I band occurring at around 1618 cm-1 is tentatively assigned to aggregated β-structures 414 

(17, 33, 43). This finding is not in accordance to our results, where this band is often 415 

correlated to the lowest salt concentration (most of these results not shown here) and to bands 416 

that are assigned to hydrogenated NH groups. In our data the band at 1618 cm-1 also exhibits a 417 

negative correlation tendency towards aggregated β-structures (that are mostly detectable 418 

through the band at 1631 cm-1). However, in our results this band does not show any clear 419 

pattern in correlation tendencies and therefore remains not assigned. 420 

Along with this, the water region (3500-3000 cm-1) presented in Fig. 1b consists mostly of N-421 

H stretching vibrations and O-H stretching bands (19, 22). The analysis of the score plots of 422 

the PCA of the water region in Fig. 2c and 2d shows that the main variation pattern in the 423 

water region is caused by different salt types. Within each salt type cluster there are visible 424 

concentration differences, but they are obviously less pronounced than the differences due to 425 

salt types, meaning that the differences between types of salts applied are causing larger 426 

alterations in protein hydration than differences in applied salt concentrations. While the first 427 

component to some extent separates the NaCl samples from the KCl samples, the second 428 

component shows a clear separation of MgSO4 from the NaCl and the KCl treated samples. In 429 

the corresponding correlation loading plot in Fig. 3b it can be seen that the region 3500-3450 430 

cm-1 is positively correlated to MgSO4 salt type in high concentrations. In this region the 431 

intermolecular νO-H stretching band is located. It is most pronounced in liquid water spectra 432 

with maximum around 3430-3420 cm-1 and is also present in dry hydrated bio-molecules with 433 

a shift towards lower wavenumber due to smaller amount of H-bonds (19). This is in 434 

correspondence with the WBC results (Fig. 6) that show highest WBC for samples treated 435 

with 9 % of MgSO4 (4.5 % of expressed juice compared to 5.1 % of NaCl and 8.4 % of KCl). 436 

As can be seen in Fig. 3b, the νO-H stretching band exhibits a shift stretching from 3411 cm-1 437 

close to the design variable 9 % NaCl to the design variable 9 % MgSO4 while passing close 438 
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by the design variable 9 % concentration. This shows that hydration is increased for higher 439 

salt concentrations and that there is some interaction effects between the salt type factors of 440 

NaCl and MgSO4 and the concentration factor of 9 %, corresponding also to the similarities 441 

found in the values of WBC for these two salt types.  442 

In order to address the protein structural information directly, the information about water 443 

binding in the amide I region was related to the water region by PLSR. The corresponding 444 

correlation loading plot is shown in Fig. 4a.  In this figure the same tendencies as in Fig. 3a 445 

and 3b can be observed, with a difference that in Fig. 4a the relationship between the water 446 

binding and the protein region is much clearer. In addition to this, an increased salt 447 

concentration causes an increment of intensity in the intermolecular νO-H stretching occurring 448 

around 3430-3420 cm-1. This is the case for MgSO4 and NaCl, but not for KCl brines. This is 449 

also apparent in WBC measurements, where KCl treated samples exhibit the lowest WBC, 450 

while NaCl and MgSO4 brines cause similar effects to the WBC of the meat samples. 451 

Moreover, there is a clear interaction effect visible between the MgSO4 and NaCl salt types 452 

and the 9 % salt concentration, while the interaction variable 9 % KCl is not related to high 453 

hydration levels. It can also be seen that the increase of hydration is closely related to the 454 

aggregated β-structures. This again can be interpreted in the way that with increasing 455 

hydration, proteins unfold and increase the water binding capacity by exposing larger parts of 456 

the protein molecules to water (44, 45). The exposure of the hydrophobic part leads then 457 

finally to a destabilization and partial denaturation of the myofibrillar proteins at the highest 458 

salt concentrations (in addition to thermal effects and effects of pH)(46), which is expressed 459 

by the positive correlation of the band ~1631 cm-1 with the interaction variables 9 % MgSO4 460 

and 9 % NaCl and the concentration variable 9 % in Fig. 3b and Fig. 4a.  461 

In Fig. 3b and 4 it can also be seen that there is a remarkably strong correlation between the 462 

hydration bands (around 3430-3420 cm-1), the water or aggregated β-structure band at 1638 463 
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cm-1 and the interaction factor 9 % MgSO4 and the salt type MgSO4. At the same time there is 464 

also a clear correlation between this hydration band and the band of aggregated β-structures. 465 

A correspondingly strong correlation between aggregated β-structures around 1631 cm-1 and 466 

the interaction variable 9 % MgSO4 can be seen. It seems that MgSO4 has a stronger effect on 467 

hydration and denaturation of the proteins than NaCl. Since the effect of salts alone in the 468 

applied concentrations is not sufficient for complete unfolding and denaturation of proteins, it 469 

is likely that the investigated proteins are partially unfolded and therefore their hydration is 470 

notably altered in a direction of increased hydration. We may also hypothesize that MgSO4 471 

causes higher partial denaturation and increased subsequent hydration at lower concentrations 472 

than NaCl. In order to investigate this more closely, we considered PCA plots of the 1.5 %, 6 473 

% and 9 % samples separately. It turned out that MgSO4 had strong hydration and 474 

denaturation effects already at 6 % concentration, while this was not as pronounced for NaCl 475 

(see Fig. 5). At 9 % concentration both salt types gave similar denaturation effects (results not 476 

shown), while KCl showed less denaturation even at the 9 % concentration. This finding is in 477 

accordance with the Hofmeister series, which attributes SO4
2- with a higher salting-out effect 478 

than Cl- (47-49). An increased hydration of the proteins in meat tissue is related to their 479 

partial unfolding and to protein destabilization as a final outcome (44, 50). This unfolding of 480 

the protein can lead to an increase of hydration at moderate salt concentrations, since large 481 

parts of the proteins are exposed to the solvent environment and are able to bind water 482 

molecules. According to our findings, MgSO4 salt brines increase the hydration properties of 483 

myofibrillar proteins more efficiently with increasing salt concentration than NaCl and KCl. 484 

Therefore the myofibrillar proteins also denaturate faster with increasing salt concentration in 485 

the samples with MgSO4 compared with samples treated with NaCl or KCl.  This finding is 486 

also supported by measurements of WBC of samples treated with these salts. This may be 487 

utilized in meat industry by replacing NaCl partially with lower amounts of MgSO4.  488 
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As it is shown, FTIR microscopy in combination with chemometrical tools can be used to 489 

monitor changes in the muscle proteins caused by different salt types and concentrations. In 490 

addition to the most commonly used amide I region, the amide II and water region (3500 – 491 

3000 cm-1) are also shown to be sensitive to these minute changes in secondary structure and 492 

hydration properties. The water region in particular expressed a potential for assessing the 493 

differences in hydration properties in proteins and to supplement the information on 494 

secondary structure changes obtained by inspecting amide I region. Moreover, the results 495 

obtained by WBC measurements show a high correspondence to the results obtained by FTIR 496 

microscopy. This again is showing that the changes in the secondary structure of the 497 

myofibrillar proteins can be connected to macroscopic properties of meat, such as WBC. 498 

Additionally, although KCl is widely used as a substitute to NaCl (6, 9, 10), it showed 499 

distinctive differences when it comes to secondary structure of meat proteins and their 500 

hydration properties. On the contrary, MgSO4 exhibited certain similarities to NaCl, which 501 

might imply that the mechanism of interaction between this salt ions and protein molecules is 502 

intrinsically complex.  503 
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Tables 657 

Table 1: Band positions and assignments for the amide I, amide II and water region according 658 

to literature and our previous work 659 

Region Freq.  (cm-1) Tentative assignment 

amide I 

1700-1600 cm-1 

(80 % C=O stretch, 

10 % C-N stretch, 

10 % N-H bend) 

1693 Aggregated β-sheet structures (side band of 1631 cm-1 band) (32-

35), M/P 

1682 Native (parallel/antiparallel) β-sheet structures  (20, 32, 33, 37), 

M/P/T 

1674 Tentatively assigned to turns (22), M/P 

1667 Non-hydrogenated C=O group, internal random coil segments that 

are not involved in H-bonding (33, 35), M/P 

1660 Loop structures / α-helical structures (16, 43, 51), M/P 

1655 α-helical structures, C=O stretching vibrations originating from α-

helical structures in the myofibrillar proteins (20, 32, 33, 37), 

M/P/T or water vibration (36, 38) P 

1638 water deformation mode in liquid water (19, 52) P or native 

(parallel/antiparallel) β-sheet structures (22, 33), M/P/T   

1631 Aggregated β-sheet structures (32-35), M/P 

1618 Aggregated β-sheet structures (16, 43, 51), M 

1611 Tyrosine amino-acid side chain vibrations (33, 40), or aggregated 

strands (41), M/P 

amide II 

1600-1500 cm-1 

(60 % N–H bend, 

40 %C–N stretch) 

1594 Not assigned  

1584 α-helical structures (33), M 

1575 Amide II unspecified (33), M 

1567 Residue and/ or possibly aggregated β-sheet structures (33, 42), M 

1547 α-helical structures (33), M/ P 

1537 Possibly aggregated β-sheet structures (33), M 

1516 Possibly tyrosine (33), M/P 

water region 3473 Non-hydrogenated N-H groups (19, 22, 39), P 
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3500-3000 cm-1 

(N-H stretching 

C-N-H stretching vibration 

O-H stretching vibration) 

3420 Hydrogenated N-H groups or O-H stretching band (21, 22, 39, 

53), T/P 

3361 Companion band of 1530 cm-1 band, in solution occurring at 3345 

cm-1 and/or N-H stretching band (21, 39), T/P 

3290 N-H stretching band / amide A (21, 22, 39, 42), T/P 

or hydrogen bonded NH groups (19) P 

3190 Not assigned 

3063 N-H stretch / amide B / amide II overtone / amide II combination 

mode in –sheet structures (22, 39), T/P 

3035 Not assigned 

* M = obtained in real meat system; P = obtained in pure protein or polypeptide model system; T = obtained by 660 

theoretical calculation and/or prediction  661 

 662 

663 
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Figure Captions 664 

 665 

Figure 1: (a) A typical FTIR spectrum presented in the whole spectral region from 4000-1000 666 

cm-1. Second derivatives of each of the selected regions are shown for the water region (b), 667 

the amide I (c) and the amide II region (d). 668 

 669 

Figure 2: PCA score plots for first and second PCs are shown for the amide I region (a and b) 670 

and the water region (c and d). In the first column, (a) and (c), samples are labeled according 671 

to the salt concentration, while in the second column, (b) and (d), samples are labeled 672 

according to the salt type.  673 

 674 

Figure 3: Correlation loading plots of the first and second components for PCA models of the 675 

amide I region and the water region are shown in (a) and (b) respectively. Pacified design 676 

variables are plotted in green color including interactions between different salt 677 

concentrations and different salt types. 678 

 679 

Figure 4: Correlation loading plots of the first and second component for PLSR models using 680 

the water region as X and amide I region as Y are shown in (a), while (b) shows the 681 

corresponding correlation loading plot using the amide II region as Y. Water region variables 682 

are plotted in black color, amide I in blue, while pacified design variables are designated with 683 

green color.  684 

 685 

Figure 5: Correlation loading plot of the first and second component for PLSR model using 686 

the water region as X and amide I region as Y. This PLSR model is calculated for 6 % 687 
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concentrations only. Water region variables are plotted in black color, amide I in blue, while 688 

pacified amide II and design variables are depicted with red and green color respectively.  689 

 690 

Figure 6:  Water Binding Capacity of samples treated with different salt brines plotted with 691 

twofold standard deviation of the mean value (corresponding to a 95 % confidence interval) 692 

(54): light gray bars represent the 1.5 % concentration, middle gray bars 6 % and dark gray 693 

bars 9 % concentration, while first three bars depict NaCl brines, second three MgSO4 brines 694 

and last three KCl brines. 695 
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