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ABSTRACT 13 

Degree of post-mortem proteolysis influences overall meat quality (e.g. tenderness and water holding 14 

capacity). Degradation of isolated pork myofibril proteins by µ-Calpain for 0, 15 or 45 min was analyzed 15 

using four spectroscopic techniques; Raman, Fourier transform infrared (FT-IR), near infrared (NIR) and 16 

fluorescence spectroscopy. Sodium dodecyl sulfate polyacrylamide gel electrophoresis was used to 17 

determine degree of proteolysis. The main changes detected by FT-IR and Raman spectroscopy were 18 

degradation of protein backbones manifested in the spectra as an increase in terminal carboxylic acid 19 

vibrations, a decrease in CN vibration, as well as an increase in skeletal vibrations. A reduction in β-sheet 20 

secondary structures was also detected, while α-helix secondary structure seemed to stay relatively 21 

unchanged. NIR and fluorescence were not suited to analyze degree of proteolysis in this model system.  22 
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1. INTRODUCTION 25 

The degree of post-mortem proteolysis in meat has been linked to important quality parameters of fresh 26 

meat, such as water holding capacity (Calvo, Toldra, Aristoy, Lopez-Bote, & Rey, 2016; Huff-Lonergan & 27 

Lonergan, 2005; Hughes, Oiseth, Purslow, & Warner, 2014; Kristensen & Purslow, 2001; Melody et al., 28 

2004) and tenderness (Huff Lonergan, Zhang, & Lonergan, 2010; Koohmaraie, 1992; Moczkowska, 29 

Poltorak, & Wierzbicka, 2017; Taylor, Geesink, Thompson, Koohmaraie, & Goll, 1995; Veiseth-Kent, 30 

Hollung, Ofstad, Aass, & Hildrum, 2010). It is therefore of interest to analyze the degree of proteolysis in 31 

intact meat at a speed that would enable measurements on product flow normally used in meat 32 

processing, without the use of invasive and time-consuming chemical approaches, to elucidate the 33 

relationship between proteolysis and other quality parameters and to contribute towards the 34 

measurement and prediction of meat quality. 35 

One ubiquitous proteolytic system playing a major role in muscle tissue is the calpain system, mainly 36 

consisting of the Ca2+ requiring cysteine proteases µ-Calpain and m-Calpain, and the calpain-specific 37 

inhibitor Calpastatin (Goll, Thompson, Li, Wei, & Cong, 2003). The calpain system has been identified and 38 

shown to be active in post-mortem porcine muscles (Ouali & Talmant, 1990), additionally, µ-Calpain has 39 

been shown to be active under post-mortem conditions (i.e. pH 5.5 and 4°C) (Koohmaraie, Schollmeyer, 40 

& Dutson, 1986). Substrates for µ-Calpain in muscle tissue are many, and some important ones related 41 

to meat quality includes nebulin, titin, vinculin, desmin (Taylor et al., 1995) and troponin-T (Olson, 42 

Parrish, Dayton, & Goll, 1977), while degradation of actin, myosin heavy chain and myosin light chain 43 

proteins have been observed in purified myofibrils incubated with µ-Calpain (Lametsch, Roepstorff, 44 

Moller, & Bendixen, 2004).  45 

During proteolysis, proteins are degraded by cleavage of the C-N bond in the protein backbone, resulting 46 

in the formation of new terminal amino and carboxylate groups, which is a process that can potentially 47 

be followed using spectroscopic techniques. Another consequence of proteolysis is the disruption of 48 

protein structure, in particular secondary structure, of which both Raman and Fourier-transform infrared 49 

(FT-IR) spectroscopy are well suited to analyze (Barth, 2007a; Krimm & Bandekar, 1986). Recent studies 50 

have shown promise for FT-IR spectroscopy to predict protein and peptide size in laboratory scale 51 

enzymatic hydrolysis of meat by-products (Bocker, Wubshet, Lindberg, & Afseth, 2017; Wubshet et al., 52 

2017). However, there is a limited number of studies investigating the relationship between Raman and 53 

FT-IR spectroscopy and proteolysis in meat, and most of these focus on determining degree of 54 

proteolysis in various dry-cured ham products (e.g. Moller, Parolari, Gabba, Christensen, & Skibsted, 55 



2003; Prevolnik et al., 2011) or bulk changes in spectra following ageing  (e.g. Beattie, Bell, Borggaard, & 56 

Moss, 2008). Near infrared (NIR) and fluorescence spectroscopy do not contain as much information 57 

about protein structure as Raman or FT-IR spectroscopy, but both methods are sensitive to some 58 

features of proteins. For instance, NIR spectroscopy contain absorption bands from amide I and amide II 59 

protein structures (Li-Chan, Ismail, Sedman, & van de Voort, 2002), while fluorescence spectroscopy 60 

contains information about certain amino acids microenvironment (Christensen, Norgaard, Bro, & 61 

Engelsen, 2006), both of which can contribute to analysis of proteolysis in meat.   62 

The aim of this study was to investigate potential for spectroscopic techniques to determine degree of 63 

proteolysis in proteins isolated from pork and to establish which spectroscopic regions, which are 64 

affected by degree of proteolysis. To achieve this, we used four different spectroscopic techniques; FT-65 

IR, Raman, NIR and fluorescence, to analyze changes in a myofibril model system, containing isolated 66 

myofibril proteins from pig muscle, incubated with µ-Calpain and Ca2+. Using a model system allows for a 67 

targeted analysis of the muscle components that are predominantly altered during conversion from 68 

muscle to meat, specifically the myofibrillar proteins. In addition, the model system has the benefit of 69 

being relatively homogenous and experimental parameters can more easily be controlled. On the other 70 

hand, there are some drawbacks concerning e.g. the loss of muscle structure and other muscle 71 

components that will affect the spectroscopic results in real meat tissue. 72 

2. MATERIALS AND METHODS 73 

2.1 Animals, myofibril isolation and sample preparation 74 

Myofibril isolates were prepared from five pigs as described by Andersen, Veiseth-Kent, and Wold 75 

(2017). In short, Longissimus thoracis et lumborum was excised and approx. 20 g was homogenized, 76 

washed in three different buffers (Pyrophosphate relaxing buffer: 2mM Na4P2O7, 2 mM MgCl2, 2 mM 77 

triethylene glycol diamine tetraacetic acid, 10 mM Tris(hydroxymethyl)aminomethane maleate salt, 0.5 78 

mM dithiothreitol, 0.1 mM phenylmethanesulfonyl fluoride, pH 6.8; Extraction buffer:  2 mM MgCl2, 2 79 

mM triethylene glycol diamine tetraacetic acid, 10 mM Tris(hydroxymethyl)aminomethane maleate salt, 80 

0.5 mM dithiothreitol, pH 6.8; and Triton X-100 buffer: Extraction buffer supplemented with 0.02% w/v 81 

Triton X-100) and passed through a sieve to remove fat and connective tissue, before glycerol was added 82 

and samples were stored in a freezer at -20°C until further use. Samples were thawed and washed 83 

before they were used in the experiment. 84 

Each sample was diluted to a protein concentration of ~30 mg/ml in elution buffer, and an aliquot of 3 85 

ml was transferred to 5 ml sample tubes in nine parallels; three were used for controls, three for 86 



intermediate proteolysis and three for extended proteolysis. Calcium chloride (300 µl, 100 mM), EDTA 87 

(200 µl, 300 mM, pH 7.6) and Calpain-1 (8 µl) (Calbiochem, cat. no. 208712) were added to the control 88 

samples, and they were subsequently vortex mixed and stored at 4°C. Calcium chloride (300 µl, 100 mM) 89 

and Calpain-1 (8 µl)  were added to the intermediate and extended samples, before they were vortex 90 

mixed and incubated, while rotating, at 25°C. After 15 min incubation, 200 µl 300 mM EDTA was added 91 

to the intermediate samples before they were vortex mixed and stored at 4°C. The same procedure was 92 

applied to the remaining samples after 45 min. The experiment was conducted over three days, where 93 

samples from one pig was analyzed day one and samples from two pigs each of the two following days.  94 

2.2 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Liquid 95 

chromatography tandem-mass spectrometry (LC-MSMS) 96 

From each sample, 200 µl was transferred to an Eppendorf tube and 200 µl treatment buffer (0.125 M 97 

Tris(hydroxymethyl)aminomethane, 4% sodium dodecyl sulfate, 20% glycerol) was added, before the 98 

sample was vortex mixed and incubated at 95°C for 5 min, mixed by pipetting and incubated at 95°C a 99 

final time for 5 min. Samples were subsequently centrifuged at 16060 g at 4°C for 20 min, the 100 

supernatant was transferred to a fresh Eppendorf tube and stored at –20°C. Protein concentration was 101 

measured using Bio-Rad Protein Assay (Bio-Rad, California, USA) microplate procedure, and protein 102 

concentration in each sample was adjusted to 1 mg/ml by mixing thawed sample and treatment buffer 103 

with DTT (0.2 M) and bromophenol blue (0.04%). Protein (20 µg) was loaded in each well when running 104 

SDS-PAGE gel electrophoresis (NuPage 12% Bis-Tris 12 well, Invitrogen).  105 

The gels were transferred to a small container, 50 ml Coomassie blue (0.1% Coomassie Brilliant Blue G-106 

250 dissolved in 50% methanol and 7% acetic acid) was added and they were incubated with shaking for 107 

one hour. After this incubation, the gels were washed with dH2O and finally 100 ml of destaining buffer 108 

(20% methanol and 7% acetic acid) was added. The gels were subsequently incubated for 2 hours with 109 

shaking, and stored in dH2O afterwards. The gels were scanned, lanes were aligned using Progenesis 110 

SameSpots version 4.5 (Nonlinear Dynamics, Newcastle upon Tyne, UK), and profiles were extracted 111 

using ImageQuant TL 1D version 7.0 (GE Healthcare, Chicago, Ill, USA). 112 

The five most prominent protein bands that showed systematic changes between the 0 and 45 min 113 

incubations were excised from a SDS-PAGE gel. Proteins in the gel pieces were reduced (10 mM DTT) and 114 

alkylated (55 mM IAA), prior to digestion with Trypsin/Lys-C at 37 °C overnight, and finally peptide 115 

extraction was accomplished by sonication. The peptide extracts were purified and concentrated using a 116 

StageTip, C18 material filled in 200 µl pipette tips, according to Rappsilber, Mann, and Ishihama (2007) 117 



and Yu, Smith, and Pieper (2014). Peptides were eluted with 50 µl 70 % acetonitrile (ACN) and dried 118 

completely with a speed-vac (Thermo Fisher Scientific, USA). The dried peptides were dissolved in 119 

loading solution (0.05 % TFA, 2% ACN in water) loaded on to a trap column (Acclaim PepMap 100, C18, 120 

5μm, 100Å, 300μm i.d. x 5 mm) and then backflushed onto a 50 cm x 75 μm analytical column (Acclaim 121 

PepMap RSLC C18, 2 μm, 100 Å, 75 μm i.d. x 50 cm, nanoViper). The gradient profile used for peptide 122 

separation was from 4 to 45 % solution B (80 % CAN, 0.1 % formic acid) in 56 min at a flow rate of 300 123 

nL/ min. The Q-Exactive mass spectrometer was set up as follows: a full scan (300-1600 m/z) at R = 124 

70000 was followed by (up to) 10 MS2 scans at R=35000 using an NCE setting of 28. Singly charged 125 

precursors were excluded for MS/MS as were precursors with z > 5. Dynamic exclusion was set at 20 sec. 126 

Thermo raw files were converted to .mgf format using the msconvert module of ProteoWizard 127 

(http://proteowizard.sourceforge.net/), and used to search a SwissProt database (Taxonomy  other 128 

Mammalia) on an in-house Mascot server (version 2.4). Search parameters were:  i) 10 ppm/20 129 

mamu  tolerance for MS and MS/MS, respectively; ii) trypsin, allowing up to 2 missed cleavages, iii) fixed 130 

modification cysteine carbamidomethylation and variable modification methionine oxidation. The 131 

Mascot result (.dat) files were used as input for the Scaffold software 132 

(http://www.proteomesoftware.com/products/scaffold/), for convenient result visualization and 133 

validation. 134 

2.3 Spectroscopic analysis 135 

Spectroscopic analysis was carried out as described by Andersen et al. (2017) with the following changes: 136 

Raman spectroscopy: 200 µl aliquots was placed on an aluminum plate and left to dry overnight in a 137 

desiccator. Confocal hole was set to 500 μm. Exposure time was set to 6 times 10 s in the range from 500 138 

to 1800 cm-1. 139 

FT-IR spectroscopy: Two µl of sample transferred to the plate. 140 

NIR spectroscopy: No change for measuring liquid samples. Dried samples were measured using the 141 

same instrument settings, but a spot size of 10 mm. The samples were the same as for the Raman 142 

measurements. The aluminum plate was placed in the spectrophotometer upside down, with the dried 143 

droplet sample placed in center over the sampling window of the module. Three spectra from each 144 

sample were recorded for both analyses, and the spectra were averaged for each sample prior to 145 

analyses. 146 

Fluorescence spectroscopy: Excitation only at 292 nm in the emission range 300 – 500 nm (2 nm step 147 

size). 148 



2.4 Pre-processing and data analysis 149 

2.4.1 Pre-processing of spectral data and gel profiles 150 

Pre-processing of spectral data and gel lane profiles was done to give comparable spectra for further 151 

analysis, by reducing or removing the impact of noise, scatter effects and other undesirable alterations in 152 

the spectra. 153 

Gel lane profiles were normalized using standard normal variate (SNV) (Barnes, Dhanoa, & Lister, 1989), 154 

before correlation optimized warping with a segment size of 90 and a slack of 10 was applied to align 155 

peaks. 156 

The FT-IR spectra were subjected to Extended Multiplicative Signal Correction (Martens & Stark, 1991) 157 

(EMSC) with replicate correction (Kohler et al., 2009) to reduce the effects of changes in light intensity 158 

and scattering, and day to day variation in the measurements. EMSC is a model based pre-processing 159 

approach which handles additive polynomial baselines (6th order was used) as well as multiplicative 160 

effects in a single model. Replicate correction finds common variation across sets of replicates using 161 

singular value decomposition of EMSC corrected spectra, i.e. batches of measurements from individual 162 

days. The dominant common variation is reintroduced into the EMSC model as interferent spectra to 163 

perform a final combined modelling and correction. One sample was excluded from FT-IR analysis 164 

because of too high absorption. 165 

Raman spectra were pre-processed by means of full extended multiplicative scattering correction (EMSC) 166 

including 6th order polynomial (Liland, Kohler, & Afseth, 2016). Five spectra from each sample were 167 

averaged and subsequently smoothed by applying a Savitzky-Golay filter with four smoothing points on 168 

each side in the second order. Two samples were excluded from Raman analysis because of changes in 169 

confocal hole diameter, giving too dissimilar spectra to compare with the others. Reason for changes to 170 

confocal hole was saturation of the detector in one sample and too little signal for the detector for the 171 

other sample. 172 

The NIR spectra from Gold Reflectance Cellkit were divided into three regions, 400 to 900 nm, 1100 to 173 

1700 nm, and 1700 to 2350 nm, before EMSC was applied to each region separately. NIR spectra from 174 

dried samples were subjected to EMSC in the entire recorded region from 1100 to 2500 nm. 175 

Fluorescence spectra were pre-processed only by SNV. 176 



2.4.2 Data analysis 177 

Principal component analysis (PCA) was utilized to verify that samples were grouped according to degree 178 

of proteolysis, meaning that changes in spectra is representative of the proteolysis-related variation in 179 

the spectra. Partial least squares regression (PLSR) was used for determining relationship between 180 

proteolysis and spectroscopic data, the procedure included an uncertainty test for revealing important 181 

variables in the model. Both analyses were cross-validated using leave-one-out procedure. FT-IR and 182 

Raman used only the important variables from uncertainty test to make the models in table 2, while NIR 183 

and fluorescence used all variables. Reference measurements for PLSR were SDS-PAGE PCA scores for 184 

principal component 1 for each sample, which represents a relative value for degree of proteolysis within 185 

the current experiment. 186 

PCA and PLSR was performed in the following spectral regions: Raman: 500 to 1800 cm-1, FT-IR: from 800 187 

to 1800 cm-1, NIR: each of the spectral regions from EMSC separately and fluorescence: excitation at 292 188 

nm and emission 306 – 412 nm. 189 

Data analysis was carried out using Open EMSC toolbox for MATLAB freely downloadable from 190 

http://nofimaspectroscopy.org in MATLAB version R2013b (The MathWorks, Natick, MA) and using The 191 

Unscrambler® X version 10.4 (CAMO Process AS, Norway). 192 

3. RESULTS AND DISCUSSION 193 

3.1 SDS-PAGE 194 

Inspection of average lane profiles from SDS-PAGE and Coomassie staining revealed a time-dependent 195 

degradation of certain proteins (Fig. 1). Degradation of myosin heavy chain (MHC) was the most 196 

prominent, as evidenced by a decrease in the MHC band and an increase in the amount of fragmented 197 

MHC in all LC-MSMS analyzed bands. Significant degradation of MHC in isolated myofibrils has been 198 

documented before (Lametsch et al., 2004), but the degradation is limited in intact meat (Lametsch, 199 

Roepstorff, & Bendixen, 2002), meaning that potential responses in spectroscopy from MHC degradation 200 

are questionable when transferring these results to analysis of intact meat. According to the LC-MSMS 201 

analysis the concentration of intact actin decreased as incubation time increased, but the actin peak in 202 

the lane profile showed an opposite relation and this was probably caused by the increased 203 

concentration of MHC fragments in the actin band. Degradation of troponin-T followed the same pattern 204 

as degradation of MHC, with highest concentration of the intact protein at the onset of the experiment, 205 

gradually decreasing as incubation time increased, and the reverse pattern was identified for the 206 

degradation product. Degradation of troponin-T in post-mortem meat is thoroughly documented (Huff 207 

http://nofimaspectroscopy.org/


Lonergan et al., 2010; Moczkowska et al., 2017), and the intensity of the 32 kDa degradation product can 208 

be used as a marker of overall proteolysis in meat (Olson et al., 1977). 209 

A PCA was performed to investigate if the differences in gel lane profiles were consistent for all samples 210 

and incubation times, and what parts of the gel lanes were the most important for separating the 211 

different incubation times. Fig. 2 shows that there was a separation along PC-1 in accordance with the 212 

three incubation times, hence, the scores from PC-1 were used to represent overall protein degradation 213 

of each sample. Samples incubated for 15 and 45 min were more similar than samples incubated for 0 214 

and 15 min, evidenced by the overlap of samples for 15 and 45 min and no overlap between 0 and 15 215 

min for PC-1.  This indicates that the proteolytic activity decreased after 15 min of incubation. Loadings 216 

from PCA for PC-1 (results not shown) reveals that the most important part of the gel profiles for 217 

separating degree of proteolysis is the amount of intact and degradation product from MHC, and to a 218 

lesser degree, troponin-T.  219 

3.2 FT-IR spectroscopy 220 

The FT-IR spectra had a strong protein signature, where the amide I and II peaks were prominent (Fig. 3). 221 

The center of the peaks for both amide I and amide II suggest that the protein secondary structure were 222 

predominantly α-helices (Bocker et al., 2007). To identify regions in the spectrum that are important for 223 

determining degree of proteolysis both the native spectrum and the difference spectrum (Fig. 3) were 224 

analyzed. There was a systematic change in the spectra from 0 to 15 min and 15 to 45 min, and the 225 

change was more pronounced from 0 to 15 min than for 15 to 45 min, which was in correspondence with 226 

results from SDS-PAGE. 227 

In the difference spectra there were six peaks that are clearly related to protein modifications following 228 

proteolysis (Table 1). The same peaks were the most important for differentiating between proteolysis 229 

times in a PCA, resulting in a grouping along PC1 in the PCA scores plot (Fig. 4). To explore the link 230 

between spectroscopy and proteolysis a PLSR model was calculated (Table 2), which showed that FT-IR 231 

could predict degree of proteolysis in the model system very well (𝑟𝑟𝑐𝑐𝑐𝑐2 =0.92 and RMSECV = 0.78).  The 232 

spectroscopic changes can be split into two categories: 1) there are direct changes following cleavage of 233 

peptide bonds, and 2) there are changes related to modifications in protein secondary structures.  234 

Peptide bond cleavage was manifested in the spectra as an increase in absorption of carboxylate, at 1595 235 

cm−1 and 1414 cm−1 (Guler, Dzafic, Vorob'ev, Vogel, & Mantele, 2011), and by reduced absorption of NH 236 

and CN in the amide II region (Barth, 2007a). Changes in secondary structure seemed to be in the form of 237 



a reduction in β-sheets and a simultaneous increase in α-helix and/or disordered structures. Reduction in 238 

β-sheet absorbance was evident in the amide I peak, at 1685 and 1635 cm−1, and the amide II peak, at 239 

1533 cm−1. The changes to α-helix absorption were contradictory, as there is an increase in absorption at 240 

1650 cm−1 for amide I and a decrease at 1544 cm−1 for amide II. An explanation for the increased 241 

absorbance at 1650 cm−1 can be an increase in disordered secondary structures accompanied by an 242 

increase in solute exposed  α-helices (Barth, 2007a), caused by calpain recognition and digestion of 243 

disordered protein structures (Tompa et al., 2004). Decrease of absorption in the amide II region is most 244 

likely a consequence of major decrease in CN and NH absorption, influencing all other features in the 245 

amide II peak. The reason for a reduction in β-sheet absorbance might be that these structures are more 246 

prone to destabilization, compared to α-helices, when the overall integrity of the protein is 247 

compromised. Skeletal stretch in proteins are generally found in the region from 1200-880 cm−1(Barth, 248 

2007b), and the absorption of the peak at 1055 cm−1 can be attributed to changes in secondary 249 

structure, where an increase in disordered structures at the expense of ordered structures could be 250 

causing the increase in absorption. Bocker et al. (2017) identified the skeletal stretch as a region 251 

inversely correlating to the degree of hydrolysis of different muscle hydrolysates, which is opposite of 252 

the response in the current study. This can be attributed to differences in the constituents of the 253 

analyzed samples. In the current study, a representative volume of the whole sample was used for FT-IR, 254 

while Bocker et al. (2017) used a filtered sample from the peptide-rich water phase. Meaning that Bocker 255 

et al. (2017) analyzed increasing amounts of smaller peptides, while the current study analyzed a mix of 256 

peptides and more intact proteins and protein structures, possibly causing the inverse relation between 257 

FT-IR and proteolysis in the two studies. Overall, this indicates that the skeletal stretch is an important 258 

region for analyzing degree of proteolysis. 259 

3.3 Raman spectroscopy 260 

Analyzing differences in Raman spectra revealed many of the same responses following proteolysis as FT-261 

IR analysis, including the relative difference in intensity between incubation times (Fig. 5 and Table 3). 262 

PCA revealed the same areas of importance as for the difference spectra, but they were not as distinct as 263 

for FT-IR. The PLSR model from Raman was less good than for FT-IR, but shows that there was a 264 

reasonable link between Raman and degree of proteolysis in the model system. In short, there seemed 265 

to be a decrease in β-sheet vibrations, with a simultaneous increase in carboxylic acid and skeletal/α-266 

helix vibrations. Decrease in β-sheets following proteolysis was evident in both the amide I and III peak, 267 

with a respective decrease in intensity at 1673 and 1246 cm−1 (Krimm & Bandekar, 1986). Intensity for 268 

COO− at 1405 cm−1 and for COOH at 1720 cm−1 increased, reinforcing the notion that the amount of C-269 



terminal carboxylic acid increased (Tu, 1986). Increase in intensity at 915 cm−1 in the skeletal stretch 270 

region indicated an increase in α-helix structures (Tu, 1986), and can be explained by a relative increase 271 

in α-helices compared to other secondary structures as the amount of β-sheets are reduced. In addition, 272 

the intensity of amino acid side chain ring vibrations of phenylalanine (Phe) at 1003 cm−1 decreased 273 

following protein degradation, implying a decrease in protein concentration, but this peak does not 274 

contain any conformational information (Barrett, Peticolas, & Robson, 1978). 275 

3.4 NIR spectroscopy 276 

NIR spectroscopy of dried samples showed some promise in determining degree of proteolysis when 277 

examining the spectra (Fig. 6), PCA and PLSR (Table 2). This means that there is possibly enough 278 

information in the NIR spectra to distinguish larger differences in degree of proteolysis of dried samples. 279 

PCA reveals that the peak at approx. 1940 nm explains almost all of the variation in the spectra related 280 

to degree of proteolysis, and this peak is attributed to water (Buning-Pfaue, 2003). The higher absorption 281 

for lesser degree of proteolysis could be caused by higher concentration of bound water in more intact 282 

myofibrils or it could be because of changes in the conditions surrounding the water molecules, e.g. 283 

gelling properties or the size of proteins (Buning-Pfaue, 2003). This makes it difficult to pin-point the 284 

mechanism behind the NIR response. 285 

NIR spectroscopy of liquid samples yielded poor results for all methods of investigating the spectra. It did 286 

not reveal any distinct spectral differences, PCA grouping or any good PLSR models (Table 2) related to 287 

degree of proteolysis. 288 

3.5 Fluorescence spectroscopy 289 

Fluorescence spectra of liquid samples (Fig. 7) seemed to differentiate between degraded and non-290 

degraded samples, manifested as a slight shift in the emission maximum peak to higher wavelengths for 291 

degraded samples. Spectra from degraded samples overlapped at different wavelengths throughout the 292 

main peak, reinforcing the impression that fluorescence spectroscopy is not sensitive to protein 293 

degradation beyond the major changes before 15 min in the current experiment.  This trend was present 294 

in PCA (not shown), but the shift to higher wavelengths was not consistent for all samples, giving a high 295 

degree of overlap in the scores plot. Results from PLSR supports the notion that the correlation was 296 

weak, as the model is not reliable when predicting degree of proteolysis (Table 2). The fluorescence peak 297 

is attributed to tryptophan (Trp) emission, and changes in maximum emission peak position of Trp is 298 

often related to microenvironment changes (Christensen et al., 2006). Trp emission peak centers at 299 



longer wavelengths for less structured molecules, which can explain the observed change in emission 300 

peak, because the degraded proteins are less structured than their un-degraded counterparts.  301 

4. GENERAL DISCUSSION 302 

From the current experiment, it is evident that FT-IR spectroscopy was capable of predicting degree 303 

proteolysis in myofibrils. However, there are some concerns regarding integrating FT-IR in a meat 304 

processing plant, first, one need to overcome the obstacle of high water absorption in FT-IR, and 305 

secondly, one needs a constant atmosphere or vacuum when measuring. This can be solved by using 306 

attenuated total reflectance where the water peak at 1640 cm-1 is omitted in the spectra and the crystal 307 

is thoroughly cleaned between each measurement, which may be too cumbersome to be a practical 308 

solution. However, FT-IR can potentially be used as tool to screen samples for degree of proteolysis by 309 

analyzing cryosections in the laboratory. 310 

Raman spectroscopy did not perform as well as FT-IR in PCA or PLSR, but interpretation of spectroscopic 311 

differences were consistent with results from FT-IR, which makes us believe that Raman spectroscopy 312 

can perform on a similar level as FT-IR. The poorer performance for Raman spectroscopy in the current 313 

study may be caused by less standardized measurements (e.g. by manually focusing and acquiring 314 

Raman spectra) and fewer samples included in the analysis. Regardless, both FT-IR and Raman showed 315 

the same trend in intensity changes as the degree of proteolysis did, showing larger differences early in 316 

the degradation process than later, demonstrating that there is a possible quantitative association 317 

between spectroscopy and protein degradation. Another important consideration is how plausible it is 318 

for the spectroscopic method to be used in a meat processing plant, and in this case Raman spectroscopy 319 

has several advantages, most importantly that it is not very sensitive to water in the sample, it can be 320 

used in ambient conditions and spectra can be recorded directly on the meat surface (Li-Chan, 1996). 321 

Sensitivity of Raman spectroscopy is also a subject to consider, as the Raman signal is relatively weak, 322 

and requires analyte concentration in the range of 2-20 mg/mL to get good signal using conventional 323 

Raman instruments (Li-Chan, 1996). Since the concentration of degraded proteins is relatively small 324 

compared to the total amount of proteins, and the spectroscopic response is universal in nature (not 325 

linked to specific proteins), it is possible that the specificity of Raman spectroscopy is not good enough 326 

for measurements of degree of proteolysis. 327 

Results from FT-IR and Raman spectroscopy indicated that the spectroscopic regions affected by 328 

proteolysis were related to general changes following protein degradation (e.g. increase in C-terminals 329 



and decrease in CN bonds), meaning that these methods could be able to analyze protein degradation 330 

independently of the proteolytic system in effect and which proteins are degraded. 331 

Models from NIR spectroscopy performed inferior to both Raman and FT-IR on dried samples, but still 332 

seemed to contain important information regarding degree of proteolysis.  The poorer performance may 333 

be caused by a higher degree of overlapping spectral features and less specific spectral information 334 

related to the important changes during protein degradation (e.g. protein secondary structure and CN 335 

vibration) in NIR spectra. Since the observed change in NIR spectra in the current study is believed to be 336 

caused by the condition of the dried samples, and not specific protein modifications, there is little reason 337 

to believe that these findings are transferrable to intact meat. 338 

Even though Fluorescence spectroscopy is a very sensitive method, it did not perform well enough to 339 

give models of predictive value, indicating that fluorescence spectroscopy may not be suited for 340 

measuring degree of proteolysis. 341 

As protein degradation progresses, the amount of peptide terminal groups increases, which causes a 342 

decrease in pH. This decrease in pH has been shown to not affect FT-IR spectroscopy of whey proteins 343 

(Poulsen et al., 2016), and the buffer used in the current experiment should keep pH stable, so this effect 344 

is considered negligible in the current experiment. Nevertheless, it is plausible that the spectroscopic 345 

contribution of C-terminal carboxylic acids (at approx. 1400 cm−1), formed during proteolysis, will 346 

partially disappear or merge with contributions from the naturally occurring pH-decline post-mortem 347 

(Andersen et al., 2017).  348 

5. CONCLUSION 349 

FT-IR and Raman spectroscopy are showing promise for measuring degree of proteolysis in myofibrils, 350 

with Raman spectroscopy as the front-runner for testing and possible implementation as a part of meat 351 

quality assessment in a meat processing plant. NIR and fluorescence spectroscopy showed little promise 352 

for measuring degree of proteolysis. It is important to point out that this study only indicates that 353 

spectroscopic techniques are viable for analyzing degree of proteolysis in model systems, and that more 354 

studies are needed to make any conclusions as to the viability for measuring proteolysis in intact meat. 355 
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Table 1. Overview of important spectroscopic responses detected by FT-IR spectroscopy related to degree 484 

of proteolysis in the current study. Arrows denote changes in intensity as a function of degree of 485 

proteolysis. 486 

Wavenumber (cm-1) Absorbance change Structure 

1685 ↓ Amide I, β-sheet, C=O a 
1650 ↑ Amide I, α-helix/disordered, C=O b 
1595 ↑ COO− (antisymmetric) c 
1533 ↓ Amide II, β-sheet, CN a 
1414 ↑ COO− (symmetric) c 
1055 ↑ Skeletal stretch d 

a (Bocker et al., 2007). 487 
b (Barth, 2007a). 488 
c (Guler et al., 2011). 489 
d (Barth, 2007b) 490 

 491 



Table 2. Summary of performance for cross-validated PLSR models from spectroscopy vs. PC1 scores from 492 

PCA of SDS lane profiles. Only the best performing model from each spectroscopic method is shown. 493 

Method n # factors in model r2 RMSECV 

FT-IR 36 6 0.92 0.78 
Raman 27 4 0.83 1.07 
NIR (dried) 43* 10 0.74 1.42 
NIR (liquid)¤ 45 4 0.10 2.61 
Fluorescence 43* 2 0.25 2.27 

*Two samples were removed from NIR (dried) and fluorescence PLSR because of extreme residual 494 
values. 495 
¤ Spectral range from 1700 nm to 2350 nm used in the model. 496 



Table 3. Overview of important spectroscopic responses detected by Raman spectroscopy related to 497 

degree of proteolysis in the current study. Arrows denote changes in intensity as a function of degree of 498 

proteolysis. 499 

Approx. wavenumber (cm−1) Absorbance change Structure 

915  ↑ Skeletal stretch, CC, α-helix a, b, c 
1003  ↓ Phe a, b, c 
1245  ↓ Amide III, CN and NH, β-sheet/random coil a ,b, c 
1405  ↑ COO− a, c 
1673  ↓ Amide I, β-sheet a, b, c 

a (Herrero, 2008). 500 
b (Rygula et al., 2013). 501 
c (Tu, 1986). 502 
 503 

 504 

Figure 1. Average lane profiles after incubation for 0, 15 and 45 min. from SDS-PAGE analysis. The 505 

horizontal gel-lane underneath the graph is a representative sample after 45 min incubation. Full-length 506 

proteins and protein fragments with concentration changes following incubation is marked in the figure, 507 

the proteins was identified by LC-MSMS. 508 



 509 
Figure 2. PCA scores plot from lane profiles. Blue dots = 0 min, red dots = 15 min and green dots = 45 510 

min. 511 

  512 
Figure 3. (A) Average spectra from FT-IR from four myofibril isolates. Peaks important for analyzing 513 

degree of proteolysis are noted in the figure. (B) Difference spectra for average FT-IR spectra for each 514 

incubation time, where 15 min – 0 min and 45 min – 15 min corresponds to green and red lines, 515 

respectively. 516 



 517 
Figure 4. PCA scores plot from FT-IR spectroscopy. Blue dots = 0 min, red dots = 15 min and green dots = 518 

45 min.  519 

 520 
Figure 5. (A) Average Raman spectra for each incubation time from three samples in the wavenumber 521 

range from 500 to 1800 cm-1. Peaks important for analyzing degree of proteolysis are noted in the figure.  522 

(B) Difference spectra for average Raman spectra for each incubation time where 15 min – 0 min and 45 523 

min – 15 min corresponds to red and green lines, respectively. 524 



 525 
Figure 6. Average NIR spectra from dried samples after incubation for 0 min, 15 min and 45 min in the 526 

wavelength range from 1100 to 2500 nm. Inset shows the peak at approx. 1950 nm. 527 

 528 
Figure 7. Average fluorescence emission spectra (excitation at 292 nm) from liquid samples for 529 

incubation at 0 min, 15 min and 45 min after SNV, shown as blue, red and green lines respectively. Inset 530 

shows entire spectra, while the main figure shows only the peak. 531 

 532 
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