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Abstract:  16 

Protein and water modification in pork Longissimus dorsi (LD) pressurised at 200-400 MPa (5 min, 17 

4 °C) followed by storage at −20 °C for up to 84 days were analysed by complementary 18 

methodologies. Changes in proteins depended to a larger extent on storage time than pressure levels. 19 

High pressure (HP) improved drip loss by 35% after 84 days of storage. However, the meat’s ability 20 

to retain water upon mechanical force (expressible moisture) was unaffected by both HP treatment 21 

and storage. No free water was present in the meat (due to drip loss), only immobile water and a 22 

larger fraction of water entrapped in the myofibrillar network were present. The water mobility after 23 

thawing was not affected as such by HP treatment and frozen storage. HP treatment and frozen 24 

storage results in a highly dynamic protein-water system, whereby protein and water molecules 25 

compete for H-bonding sites, consequently affecting the water binding. 26 

 27 

 28 

Keywords: pork Longissimus dorsi, high pressure treatment, freezing storage, water holding 29 

capacity, protein denaturation 30 

 31 

 32 

Chemical compounds studied in this article: 33 

MgCl2 (PubChem CID: 5360315); KCl (PubChem CID: 4873); NaCl (PubChem CID: 5234); EGTA 34 
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1. Introduction 36 

Traditional freezing may cause structural damages to muscle cells, leading to a higher drip loss 37 

and consequently to an inferior meat quality. A higher amount of frozen water may lead to more 38 

damage of the muscle structure, thereby lowering the meat quality upon thawing. The size and 39 

distribution of ice crystals formed upon freezing also have an effect on meat quality, where a slow 40 

freezing contributes to a higher proportion of bigger extracellular crystals resulting in lower meat 41 

quality. Over the past years, the amount of commercially available meat products using high 42 

pressure (HP) treatment has increased due to its effective preservation result (Bajovic, Bolumar, & 43 

Heinz, 2012). Additionally it has been reported that HP processing also can influence enzyme 44 

activity, protein structures, colour, texture and lipid oxidation (Ma, & Ledward, 2013; de Oliveira, 45 

Neto, dos Santos, Ferreira, & Rosenthal, 2017). During pressurisation, pressure may result in 46 

disruption of non-covalent interactions and modification of inter- and intra-molecular and 47 

solvent–protein interactions, in effect changing the native conformation of proteins. These different 48 

states of the non-native protein can be accessible for formation of new non-covalent interactions or 49 

covalent bonds. Several studies have shown that pressure levels above 300 MPa induce 50 

modifications of the myofibrillar structure and proteins (Grossi et al., 2016; Bajovic et al., 2012). 51 

Myosin is the most abundant protein in the myofibrils and plays an important role in the quality of 52 

meat products because of its ability to bind meat proteins together and to hold water. Water content 53 

and water holding capacity (WHC) are two very important indicators of meat quality. From an 54 

industrial point of view, water content contributes to the amount of product that can be sold. 55 

Moreover, water content and WHC will influence the sensory properties such as juiciness, texture, 56 
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and flavor of the product. Meat juiciness is one of the most important quality attributes for the 57 

consumer, wherefore it is of high interest for the meat industry (DMRI, 2018). There have been 58 

various studies on HP processing and low-temperature storage of meat (Stratakos, Linton, Patterson, 59 

& Koidis, 2015; Chouhan, Kaur, & Rao, 2015), including the microbial, organoleptic, physical and 60 

biochemical quality of meat (Stratakos et al., 2015; Chouhan et al., 2015; Truong, Buckow, Nguyen, 61 

& Stathopoulos, 2016). It was found that HP processing at 150-200 MPa of barramundi (Lates 62 

calcarifer) prior frozen storage improved the quality including reducing the drip loss (Truong et al., 63 

2016). In addition, it has been suggested that HP can influence the water holding capacity (de 64 

Oliveira et al., 2017). However, so far, the role and mechanism of HP processing on the ability of 65 

meat proteins to hold water is not well-established. The ability to control and direct 66 

pressure-induced changes in the meat, other than microbial inactivation, and obtain high quality are 67 

fundamental for a successful implementation of HP technology in the meat industry. Therefore, a 68 

better understanding of the mechanism of HP-modifications of myofibrillar proteins, which are 69 

responsible for the water binding, before freezing, during frozen storage and upon thawing, is useful 70 

for designing novel processes for improving water retention during frozen storage. 71 

The aim of the present study was to investigate the influence of HP processing (200-400 MPa, 5 72 

min, 4 °C) before freezing on the protein and water binding during subsequent storage at −20 °C. 73 

The HP treatments at 200-400 MPa were chosen in order to induce some protein modifications with 74 

minimal effect on the structure. 75 

 76 

2. Materials and methods 77 
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2.1 Materials and chemicals 78 

Two pieces of commercial Pork LD (Danish Crown) obtained at the Danish Meat Research 79 

Institute (Roskilde, Denmark) were transported to the meat pilot plant (Department of Food Science, 80 

University of Copenhagen) for HP treatment within 24 h post-mortem. The Pork LD was cleaned 81 

from bone, surface fat and connective tissue and then vertically sliced (1 cm thick) and vacuum 82 

packed. The raw meat samples were vacuum-packed individually into vacuum bags (PA/PE 20/70, 83 

32 oxygen cm3/m2 d bar at 23 °C and 75 % RH, SFK, Hvidovre, Denmark). Samples were kept in a 84 

refrigerated room (4 °C) until HP treatment. Brilliant Blue G (B0770-5G) was obtained from Sigma 85 

(St. Louis, MO, USA). All other chemicals used were of analytical grade. 86 

 87 

2.2 HP-treatment of Pork 88 

High pressure treatments were performed in a food processing cold isostatic press QFP-6 (Avure 89 

Technologies ABB, Västerås, Sweden). The vessel pressurization fluid was water with its 90 

temperature controlled at 4 °C. The pressurization rate is 400 MPa per minute and automatic 91 

depressurization instantly after treatment. The pork pieces were randomly assigned to different 92 

experimental groups and treated at 200, 300, 400 MPa for 5 min at 4 °C. The untreated control (0.1 93 

MPa) was stored at 4 °C, while the HP treatment of the other samples was conducted. Immediately 94 

after HP processing, samples were kept at 4 °C up to two hours before being transferred to the 95 

−20 °C freezer (air blast freezer). Samples were stored for a period of 84 days. Samples were 96 

analyzed on day 0 (before freezing) 14, 28, 56, and 84. 97 

 98 
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2.3 Drip loss and expressible moisture 99 

Control and HP treated samples were analyzed according to the methods described by Jia et al. 100 

(2017a) with some modifications; the sample was centrifuged at 2500 g for 20 min at 4 °C. The 101 

expressible moisture capacity was calculated as the percentage of water loss after centrifugation 102 

relative to the initial weight of the meat. Four layers of filter papers (Grade 3, Whatman, GE 103 

Healthcare) were placed in the bottom of the centrifuge bottles. The samples were centrifuged at 104 

2500×g for 20 min at 4 °C. 105 

  106 

2.4 Nuclear magnetic resonance spectroscopy 107 

The Low Field Nuclear Magnetic Resonance (LF-NMR) proton relaxation measurements of the 108 

pork were carried out using a Bruker mq20 minispec with a 0.47 T permanent magnet (Bruker, 109 

Billerica, MA, USA). Cylindrical meat samples were cut out with a cork borer (diameter of 4 mm) 110 

to fit into the NMR tube. The spin-spin relaxation time (T2) was determined using the Carr-Purcell- 111 

Meiboom-Gill (CPMG) pulse sequence with a pulse separation (tau) of 0.04 ms, gain 87 dB, 16 112 

scans and a recycle delay of 30 s. The LF-NMR measurements were performed at 20 °C. The 113 

CPMG data were evaluated using discrete multiexponential fitting (Pedersen, Bro, & Engelsen, 114 

2002) and the Laplacian transformation method Contin (Provencher, 1982). 115 

  116 

2.5 Differential scanning calorimetry (DSC) 117 

Changes in thermal stability of myofibrillar proteins was determined using a DSC 820 from 118 

Mettler Toledo (Schwerzenbach, Switzerland), which is based on the heat flux principle. Calibration 119 
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of heat flow and temperature was done with indium (Tm = 156.6 °C, ΔHfus = 28.5 J/g) and zinc (Tm 120 

= 419.5 °C, ΔHfus = 107.5 J/g) as standards. Samples of 20-30 mg were hermetically sealed in 40 μL 121 

aluminium DSC crucibles. An empty sealed aluminium crucible was used as the reference. The 122 

scanning temperature range was 25-95 °C at a rate of 10 °C/min. The endothermic peaks associated 123 

with protein denaturation and the corresponding denaturation temperatures (Tpeak, °C) and 124 

enthalpies (Hpeak, J/g) were determined. 125 

 126 

2.6 Myofibrillar protein extraction, Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 127 

(SDS-PAGE) 128 

The myofibrillar protein fraction was prepared according to the procedure of Liu and Xiong 129 

(1996) with some modifications. Minced muscle was homogenized 1:4 (w/v) in a 0.01 M phosphate 130 

buffer (pH 7.0) using an Ultra Turrax homogenizer (IKA T10 standard, German) at 4 °C for 2 × 30 s. 131 

The buffer consisted of 0.1 M KCl, 2 mM MgCl2, 1 mM ethylene glycol tetraacetic acid (EGTA). 132 

Then, the homogenate was centrifuged at 2000xg for 15 min at 4 °C, and the supernatant was 133 

discarded. The pellet was washed two more times with the same buffer under the same 134 

centrifugation conditions indicated above. The resulting myofibril pellet was then washed once with 135 

0.1 M NaCl. After centrifugation (2000xg for 15 min), the myofibrillar proteins was dissolved in a 136 

0.6 M NaCl solution (pH 7.0), and the concentration was determined by measuring the absorbance 137 

at 280 nm using a spectrophotometer (NanoDrop 1000, Thermo Scientific, USA). 138 

For the samples from Day 0 to Day 56, a non-reducing condition was employed during 139 

electrophoresis in order to obtain direct knowledge of the changes in myofibrillar proteins. At Day 140 
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84, reducing (10 μL of 1M DTT) and non-reducing conditions were employed to determine the 141 

involvement of disulphide bonds. After addition of 25 μL sample buffer (NuPAGE LDS, Invitrogen, 142 

Thermo Fisher Scientific Inc., USA), samples and marker were heated at 80 °C for 10 min, and 143 

were further separated using 4-12% bis-tris gels (NuPAGE
TM

, Invitrogen, Thermo Fisher Scientific 144 

Inc., USA) with 10 μg of protein loaded on each lane. Electrophoresis was carried out at 200 V for 145 

1.5 hours. Gels were stained with Coomassie Brilliant Blue G. Muscle proteins were identified by 146 

comparing relative mobilities to molecular weight standards (Precision Plus Protein ALL Blue 147 

Standards; BioRad, Hercules, CA) run simultaneously. 148 

 149 

2.7 Raman Spectroscopy 150 

Raman spectra were acquired using a RamnRxn1 instrument (Kaiser Optical Systems Inc, MI, 151 

USA) with a 100 mW 785 nm near-infrared diode laser. The spectra were acquired as 4 152 

accumulated scans of 10 s exposure time. All samples were measured and in order to ensure 153 

representative sampling, and each treatment group was measured at least 12 times for every 154 

sampling time. As the Raman data were quite noisy in nature, the noise level was reduced by 155 

applying a Savitzky-Golay (Savitzky, & Golay, 1964) filter with a window size of 83 variables, and 156 

applying a 2
nd

 order polynomial smoothing (the total number of data points for one spectrum is 157 

6530). Subsequently, all shifts below 600 cm
-1

 were removed as there is little or no information in 158 

this range, reducing the number of variables to 4399. Finally, the spectra were pre-processed with 159 

MSC (Geladi, MacDougall, & Martens, 1985) efficiently reducing the effect of the fluorescence 160 

background. The pre-processed data was analyzed by Principal Component Analysis (Wold, 161 
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Esbensen, & Geladi, 1987) and the scores and loadings were interpreted. 162 

 163 

2.8 Data analysis 164 

All measurements were performed at least in triplicate, and the data are presented as the mean ± 165 

the standard deviation (SD). The least significant difference procedure was used to compare the 166 

mean values using a significance level of P < 0.05. 167 

 168 

3. Results and discussion 169 

It is well-established that HP treatment may affect the native protein depending on the pressure 170 

level (Olsen, & Orlien, 2016). The combined effect of pressure treatment and subsequent frozen 171 

storage on pork protein denaturation was monitored by DSC and the typical characteristic 172 

endothermic peaks associated with myosin (Tm between 52-58 °C) and actin (Tm between 79-81 °C) 173 

were identified. Figure 1 shows the denaturation enthalpies obtained from the thermograms and as 174 

seen the myofibrillar proteins, myosin and actin, were markedly affected by HP treatment at 300 175 

and 400 MPa due to pressure-induced denaturation. The observed barosensitivity is in accordance 176 

with results from HP treatment of turkey and beef muscle according to which pressures above 200 177 

MPa resulted in decreased peaks (Ma, & Ledward, 2004). The storage effect on protein denaturation 178 

was only observed for myosin regardless of HP treatment during storage, as the enthalpy gradually 179 

decreased from day 0 to day 84 corresponding to increased freeze-induced denaturation. This 180 

finding is in agreement with Wagner and Anon (1985) reporting that myosin was the myofibrillar 181 

protein most affected by freezing.  182 
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 183 

High pressure affects protein structures leading to changes such as denaturation, dissociation, 184 

aggregation, and gelation, in effect altering molecular sizes and protein solubility (Grossi, Bolumar, 185 

Søltoft-Jensen, & Orlien, 2014). Analyzing the soluble proteins by electrophoresis reveals which 186 

and to what extent proteins have been affected by the HP treatment and during subsequently storage. 187 

Figure 2 shows the protein profiles for the myofibrillar protein fractions of pork LD before, after HP 188 

treatment, and during storage at −20 °C. The SDS-PAGE analysis was performed under 189 

non-reducing condition in order to obtain knowledge of the change in type and distribution of 190 

proteins in the meat at the actual sampling time. Moreover, in the SDS-PAGE analysis the same 191 

amount of protein (10 μg) is loaded on each lane, hence the PAGE result shows the relative 192 

distribution of the individual solubilized proteins in a comparable mode. The Mw-distribution in 193 

Figure 2 presents the typical profile for muscle proteins consisting of the two major bands, myosin 194 

heavy chain (myosin-HC, 200 kDa) and actin (45 kDa) and several low-intensity bands at molecular 195 

weights compatible with a-actinin (95 kDa), tropomyosin (34–36 kDa), troponin-T (35 kDa), and 196 

myosin light chains (myosin-LC, 20 kDa) (Grossi et al., 2016). The band intensity of myosin, 197 

paramyosin, α-actinin, actin and troponin T decreased with the increase of pressure (Figure 2) with 198 

the myosin-HC being the protein most affected. The pressure-induced depolymerisation of actin 199 

was explained as resulting from the fragmentation of the myofibrils (Suzuki, Watanabe, Iwamura, 200 

Ikeuchi, & Saito, 1990). Furthermore, the band intensities decreased upon storage at −20 °C. This 201 

showed that myofibrillar proteins, particular myosin-HC, were modified by pressure-induced 202 

denaturation and followed by either degradation and fragmentation or aggregation. These results are 203 
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consistent with the denaturation of the myofibrillar proteins, myosin and actin, demonstrated by the 204 

DSC analysis. An explanation for the reducing band intensity can be the hydrolysis by the 205 

cathepsins, which showed increased activity after HP treatment up to 600 MPa (Grossi, Gkarane, 206 

Otte, Ertbjerg, & Orlien, 2012). Thereby new peptide bands (e.g. Band 1) were formed. It is noted 207 

that the cytoskeletal protein desmin seemed to be unaffected by both pressure and storage. Desmin 208 

is vital in the alignment of myofibrils and responsible for the myofibril shrinkage, which influences 209 

the drip loss post-mortem. It was reported that high level of intact desmin in post-mortem muscles 210 

could increase the drip loss (Zhang, Lonergan, Gardner, & Huff-Lonergan, 2006). It has been 211 

proposed that the solubilized myosin molecules form insoluble aggregates by head-to-head 212 

interactions, a so-called daisy-wheel oligomer, with the tails remaining intact (Yamamoto, Hayashi, 213 

& Yasui, 1993). Tintchev et al. (2013) found that maximum solubility of low molecular weight 214 

fractions from myosin was obtained at pressure at 200 and 300 MPa followed by aggregation. Thus, 215 

the myofibrillar proteins are highly sensitive towards the pressure levels from 200 to 400 MPa 216 

giving rise to various species of different molecular sizes and includes protein structures from 217 

native, partly denatured (molten globule structures), denaturation to large aggregates (Olsen, & 218 

Orlien, 2016). It is emphasized, that although myosin contains about 42 sulfhydryl groups, the HP 219 

treatments (200, 300, and 400 MPa) did not result in cross-linking of myosin by intra- and 220 

intermolecular disulphide bonds, which was shown by comparing the band changes of myofibrillar 221 

proteins under non-reduced and reduced conditions at day 84 (results not shown). This finding is in 222 

agreement with the conclusion that the insoluble myosin and actin aggregates were caused mainly 223 

by hydrogen bonds formed during the pressure treatment (Grossi et al., 2016). 224 
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 225 

Raman technique is another tool for investigating the change of protein structure (Rygula et al., 226 

2013). A PCA score plot (Figure 3) was made of all Raman spectra to investigate the dominating 227 

effect, pressure level or storage time, on the structural changes of the proteins. The PCA plot clearly 228 

showed separation between the storage days in the two first principal components, thus, the largest 229 

variation in the spectra was between the five sampling days in accordance with the results from the 230 

complementary methods. The first loading is primarily described by the three Raman bands at 1060, 231 

1295 and 1440 cm
-1

 associated to phenylalanine, the amide II band and C-H bonds, respectively. 232 

The separation between storage days along PC1 shows a tendency that the samples move from the 233 

left to the right corresponding with lower signals from Phe, Amide II and C-H bonds upon longer 234 

storage at −20 °C. The lower signals are associated with protein degradation in agreement with the 235 

findings from the DSC and PAGE analyses. Along the 2
nd

 axis, the tendency of separation into 236 

storage days is even clearer, though sampling days 56 and 84 are not separable. This principal 237 

component is defined by the following Raman bands: 930 cm
-1

 (positive, C-C vibrations), 1000 238 

cm
-1

 (phenylalanine), 1060 cm
-1

 (positive, Phenylalanine), 1340 cm
-1

 (tryptophan), 1430 cm
-1

 239 

(positive, C-H deformation), 1640 cm
-1

 (amide I) and 1665 cm
-1

 (amide I). This means that storage 240 

time shorter than 28 days are described by several amide I bonds, and the intensities of these bands 241 

are reduced upon longer storage. Generally, a tendency of reduced signals from the individual 242 

amino acids was observed (results not shown), indicating some protein degradation in line with the 243 

phenomena described for PC1. It is noted that the Raman spectroscopic analysis was performed on 244 

intact meat samples, thus the observed protein degradation includes the sarcoplasmic proteins.  245 
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 246 

The above analyses of protein modification by pressure or frozen storage revealed that it is a 247 

dynamic protein system since HP and frozen storage have different effects on protein structure due 248 

to different underlying mechanisms of changes in the conformation. Hence, it seems that the status 249 

of a given protein (native, molten globule, unfolded or insoluble aggregates) is dependent on both 250 

pressure level and storage time at −20 °C. This is highly relevant for the improvement of water 251 

holding in meat products, which may occur through changes in cavity sizes of the structure, the 252 

extent of protein-solvent interactions, and the manner by which protein, especially myosin, is 253 

cross-linked. The new pressure-induced protein structures may expose new hydrophilic binding 254 

sites facilitating water binding. We hypothesize that HP treatment (e.g. 300 and 400 MPa) might 255 

lead to the development of a structure with more hydrophilic available sites capable of retain more 256 

water compared to non-pressurized meat. 257 

 258 

It is well-known that thawing of frozen meat results in exudation of water as drip loss and/or thaw 259 

loss. In addition, during frozen storage, meat loses moisture because the water vapor pressure at the 260 

meat surface is different from that in the air bulk hence driving dehydration (Campañone, Roche, 261 

Salvadori, & Mascheroni, 2002). At the meat structure level, the freezing process changes the 262 

myofibrils and, thus, the voids available to retain water. The arrangement of the thin and thick 263 

filaments within the myofibril is the main factor responsible for retaining water in the muscle cells, 264 

thus, any spatial rearrangement or disruption the filaments affects the amount of binding sites and 265 

space available for water. The capability of the meat to retain water during storage at −20 °C was 266 
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monitored by both drip loss upon thawing and expressible moisture (EM) of the thawed meat. Table 267 

1 shows the drip loss and EM of HP treated meat after storage at −20 °C up to 84 days. Generally, 268 

the drip loss increased during storage for all meat samples. Especially, the drip loss of untreated 269 

pork LD increased dramatically with a water loss of 19.6% after 84 days of frozen storage. This 270 

increased water loss is in agreement with the drip loss around 17% for pork fillet stored for 30 days 271 

at −20 °C (Yeh, Kao, & Peng, 2009). As seen, HP treatment at 300 and 400 MPa had major impact 272 

on the water withholding resulting in 35% improvement in drip loss (Table 1). Although a high 273 

level of intact desmin was present in the pressurised meat no correlation with increased drip loss 274 

was observed. During storage, the EM varied independently of time and pressure level (Table 1). 275 

Water holding capacity (WHC) is a measure of total water released by an applied force (e.g. 276 

centrifugal or pressing) and is evaluated (calculated) in different ways making a direct comparison 277 

between results difficult. However, the positive or negative influence of various freezing/thawing 278 

technologies on WHC can still be compared. The amount of expressible water in thawed air blast 279 

frozen beef LD (11.1%) was significantly lower than fresh beef meat (19.38%), explained by the 280 

water lost during thawing of the frozen meat sample, which produce a lower water release during 281 

centrifugation (Fernandez et al., 2007). On the other hand, pressuring fresh beef meat at 650 MPa 282 

resulted in a significant higher expressible water fraction (25.67%), suggested to be due to 283 

myofibrillar protein denaturation whereby less water is retained inside the tissue (Fernandez et al., 284 

2007). WHC was found to be significantly reduced from 95% for untreated bovine semitendinosus 285 

muscle to around 80% after pressurisation at 200, 300, 400, or 500 MPa (Lee, Kim, Lee, Hong, & 286 

Yamamoto, 2007). Marcus and Mullen (2014) reported a similar reduction of WHC of beef 287 
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Longissimus thoracis et lumborum at pressure levels of 400 and 600 MPa. These studies showed 288 

that HP impaired the ability of meat to retain its moisture. In contrast, we did not find any changes 289 

in WHC in response to pressure, i.e. the water in the meat was retained to the same degree for all 290 

treatments and sampling times. This is surprising since the amount of water remaining in the meat 291 

after thawing varied considerably (cf. drip loss) depending on pressure level and storage time.    292 

 293 

Naturally, water in meat exists in different states between that of bound and free water. NMR 294 

relaxation contains information on water compartmentalization and distribution in various 295 

biological samples. Especially, LF-NMR is useful for obtaining spin-spin (T2) relaxation times, 296 

which are sensitive to molecular motions, hence, the mobility and structural properties of different 297 

fractions of water molecules can be evaluated. Fitting NMR relaxation curves by exponential fitting 298 

indicated the presence of three water populations in the fresh meat. Overall, water molecules with 299 

the longer relaxation time are more loosely bound compared to the molecules giving rise to shorter 300 

relaxation times. Therefore, any change in the T2 components implies alterations in the structural 301 

organization of water in the meat (Bertram, Dønstrup, Karlsson, & Andersen, 2002). Table 2 shows 302 

the variation in the relaxation times obtained from various meat studies. In the present study, we 303 

identified two types of water in the thawed meat according to their mobilities: a small population of 304 

immobile water and a larger fraction of water entrapped in the myofibrillar network. Since the loose 305 

water is lost upon thawing (as drip loss), the population corresponding to the extra-myofibrillar 306 

water was not present in the LF-NMR data.  307 

 308 



16 

 

Bertram et al. (2002) showed that the population of water described by the T22 component 309 

correlated with WHC and that this extra-myofibrillar water contributes to potential drip loss. This 310 

suggestion was confirmed by a correlation between WHC and T22 population upon aging of pork 311 

LD (Straadt, Rasmussen, Andersen, & Bertram, 2007). Moreover, it was observed that only the 312 

hydration water (T2b) and myofibrillar water (T21) were present in the meat upon cooking due to 313 

removal of the expelled fluid (cooking loss). It has been shown that HP treatment of meat influences 314 

the structure remarkably and the water molecule characteristics (Grossi et al., 2016; Møller et al., 315 

2011; Zheng et al., 2014). In the present study, the water relaxation times varied according to 316 

pressure level (Figure 4), though no changes in the water population were found (results not shown). 317 

The increasing trend in T2 with pressure seen for both T2b and T21 for several (but not all) time 318 

points, T2(200 MPa) < T2(300 MPa) < T2(400 MPa), indicates decreasing protein-water interactions in line 319 

with increased protein-protein interactions upon increasing pressures. The pressure (200 320 

MPa)/thermal (75 °C) combination treatments of chicken sausages resulted in a larger T21 water 321 

population (Zheng et al., 2014). The different water populations in the studies are most likely due to 322 

the difference in the pressure levels, as HP treatment at 200 MPa affects the myofibrillar proteins to 323 

a much lesser extent than pressurization at 500 and 600 MPa. The pressure-induced structural 324 

modifications of whole pork LD muscle affected the interactions between protein and water 325 

molecules by increasing the water population in the myofibrillar network at low pressure, but 326 

redistributing the water towards the extra-myofibrillar category at pressure levels higher than 400 327 

MPa (Grossi et al., 2016). It was suggested that protein–protein interaction was formed at the 328 

expense of protein–water interactions, wherefore the intermolecular H-bonds between proteins are 329 
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stronger than the H-bonds between protein and water at higher pressures. Similar, it was found that 330 

thawing of chicken breasts under pressure increased the tightly bound water fraction (T21) at the 331 

expense of the loose bound water fraction (T22) upon increasing pressure levels from 100 to 200 332 

MPa (Li, Wang, Xu, Xing, & Zhou, 2014). However, an increase in relaxation times of T21 and T22 333 

was also observed indicating weakening of binding strength between water and meat. In the present 334 

study, the observed variation in the water relaxation times was independent of the frozen storage 335 

time (Figure 4). Different protein networks may be established depending on the actual pressure 336 

level in effect changing the accessibility of water-protein bonding sites. Dependent on the 337 

thermodynamic conditions (temperature and time), water will crystallize and ice-crystals will grow 338 

due to water-ice interchangeability. It is proposed that the HP and freezing processes are competing 339 

for H-bonding sites, thereby affecting WHC and water mobility characteristics to different extents. 340 

 341 

4. Conclusion 342 

HP treatment of pork LD at 300 and 400 MPa (5 min at 4 °C) improved the drip loss by 35% after 343 

storage at −20 °C for 84 days. The SDS-PAGE and DSC analyses showed that the myofibrillar 344 

proteins myosin and actin were the most affected proteins in the pressurized meat during storage. 345 

Additionally, Raman spectroscopic analysis revealed that the protein changes, including the 346 

sarcoplasmic protein fraction, dependent to a larger extent on storage time than pressure levels. 347 

Generally, water was lost upon thawing for all meat samples, especially untreated pork LD 348 

experienced a dramatic drip loss around 20%. Contrary to what was expected, the water holding 349 

capacity was not affected by pressurization or storage in a systematic way indicating that water is 350 
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retained to a fairly same degree in pressurized (200-400 MPa) meat. This was reflected in the NMR 351 

water mobility characteristics, since no systematic redistribution between the small population of 352 

immobile water and the larger fraction of water entrapped in the myofibrillar network was found. It 353 

is hypothesized that the pressure- and freeze-induced modification of the proteins affects the water 354 

binding sites of the myofibrillar proteins and, thereby, the interactions between proteins and water 355 

molecules in a competitive mode.  356 
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Table 1. Effects of HP treatment and storage at −20 °C on drip loss during thawing and EM (expressible moisture) of thawed pork LD.  474 

 Drip loss (%)  EM (%) 

P [MPa] 
0.1 200 300 400  0.1 200 300 400 

Day          

0      18.9 ± 3.0
xA

 21.13 ± 0.1
xAB

 16.9 ± 3.5
xAB

 16.7 ± 4.4
xB

 

14 9.7 ± 2.1
xB

 9.6 ± 3.8
xB

 7.7 ± 1.5
xyB

 4.9 ± 0.9
yB

  23.0 ± 0.1
xA

 20.9 ± 1.7
xB

 20.9 ± 4.0
xA

 18.4 ± 2.6
xB

 

28 10.8 ± 3.0
xB

 8.6 ± 0.6
xB

 9.1 ± 1.1
xAB

 9.6 ± 2.5
xA

  22.2 ± 3.0
xA

 24.7 ± 3.3
xA

 27.5 ± 5.7
xA

 20.8 ± 3.2
xAB

 

56 12.6 ± 0.9
xB

 13.0± 2.6
xB

 10.6 ± 1.8
xAB

 10.5± 1.8
xA

  22.9 ± 2.7
xyA

 14.7 ± 1.7
yC

 19.5 ± 4.3
yB

 27.0 ± 4.7
xA

 

84 19.6 ± 0.9
xA

 18.8± 2.1
xA

 12.8 ± 3.8
yA

 12.7± 1.5
yA

  19.2 ± 4.3
xA

 18.5 ± 1.2
xBC

 19.7 ± 2.7
xAB

 18.2 ± 2.7
xAB

 

Letters x, y and A-C refer to significance difference (P < 0.05) between pressure level and storage time, respectively. 475 

 476 



24 

 

Table 2. Overview of LF-NMR results found in the literature, i.e. T2 relaxation times, T2b: immobile 477 

water bonded to macromolecules, T21: immobile water trapped in myofibrillar network, and T22: 478 

loose water outside the myofibrils. 479 

T2b (ms) T21 (ms) T22 (ms) WHC/drip 

loss/cooking 

loss* 

Reference 

1-10 40-60 150-400 + 
Bertram et al., 

2002 

1-3 40-80 200-400 nd 
Bertram et al., 

2007 

1-10  

minor peak 

10-100  

wider, major peak 

100-1000 

minor, less-defined 

peak 

+ 
Straadt et al., 

2007 

1-15 

categorised as T21 

4-31 

categorised as T22 

68-130 

categorised as T23 
+ 

Møller et al., 

2011 

1-10 200-400 1500-2500 + Han et al., 2014 

1-10 

Two peaks 
40-60 100-200 + Li et al., 2014 

1.5-2 and 5-10 45-60 300-400 + Zheng et al., 2014 

1-5 

categorised as T2,1 

33-39 

categorised as T22 

130-190 

categorised as T23 
nd Grossi et al., 2016 

1-2 

categorised peak 1 

37-43 

categorised peak 2 

200-307 

categorised peak 3 
+ Jia et al., 2017a 

Not shown 40-50 300-400 nd Jia et al., 2017b 

0-10 150-540 1000-1500 + Xue et al., 2018 

5-33 10-120 No peak - This study 

* Correlation with WHC, drip loss or cooking loss: nd denotes not determined, + denotes 480 

correlation, and - denotes no correlation. 481 

  482 



25 

 

Figure Caption 

Fig. 1 Denaturation enthalpy of myosin (A) and actin (B) of pork Longissimus dorsi (LD) after 483 

different pressure treatments and storage time at −20 °C. A missing bar indicates that the respective 484 

peak was not present in the thermogram. The sample codes are illustrated below, 485 

 486 

 487 

Fig. 2 SDS-polyacryamide gel electrophoresis (non-reducing condition) of soluble myofibrillar 488 

proteins extracted from pork Longissimus dorsi (LD) after different pressure treatments (A, B, C 489 

and D refer to Ck, 200 MPa, 300 MPa and 400 MPa, respectively) and storage time at −20 °C 490 

 491 

Fig. 3 Principle component analysis score plot of the Raman spectra of pork Longissimus dorsi (LD) 492 

after different pressure treatments and storage time (colour coding) at −20 °C. The eclipses are 493 

created based on the average score value and a 95% confidence level. The sample codes are 494 

illustrated below, 495 

 496 

 497 

Fig. 4 Relaxation times of immobilized water strongly bound to macromolecules (T2b) and in the 498 

myofibrils (T21) of pork Longissimus dorsi (LD) after different pressure treatments and storage 499 

times at −20 °C. The sample codes are illustrated below, 500 
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Figure 2. Color online only. 
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