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Effects of High-pressure, Sous-vide Cooking and Commercial Freezing on the 9 

Physicochemical Properties of Moisture-enhanced Restructured Pork 10 

 11 

Abstract 12 

Pretreatments, including heating or freezing for the handling of restructured meat, 13 

can cause quality deterioration during cooking due to excessive drip loss. This study 14 

investigated the effects of high-pressure (HP) processing (200 MPa for 15 min), 15 

cooking methods, and freezing on the quality characteristics of moisture-enhanced 16 

restructured pork (MERP). The MERP was formulated to 84% moisture and 17 

compared with a control with 74% moisture. The MERP was applied to conventional 18 

cooking (75°C for 30 min) and sous-vide cooking (55°C for 24 h), and parts of sous-19 

vide cooked MERP were frozen at −30°C for 24 h to assess quality deterioration. 20 

Results revealed that HP cooking effectively bound meat cubes in MERP, and 21 

further cooking enhanced the binding strength of MERP products. During cooking, 22 

sous-vide improved the moisture retention of MERP. However, freezing increased 23 

the cooking loss of MERP, particularly of frozen and reheated MERP, which 24 

exhibited the highest cooking loss among the treatments. Despite the fact that the 25 

moisture loss of freezing treatments negatively affected the tenderness of the MERP 26 

products, frozen MERP retained a tender texture compared with the unfrozen 27 

control. HP combined with sous-vide cooking rarely affected the cooked color of 28 

MERP, and the MERP products exhibited normal cooked color of meat products. 29 

Therefore, the present study indicated that HP and sous-vide cooking improved the 30 
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quality characteristics of MERP, which suggested that MERP could achieve better 31 

consumer preference than typically manufactured restructured meat products. 32 

 33 

Key words: moisture enhancement, restructured pork, high pressure, sous-vide, 34 

freezing 35 

 36 

 37 



 

5 
 

Introduction 38 

 39 

Restructured meat, also referred to as reformed meat, is a type of meat product 40 

that is processed using flaked or chunked meat pieces of meat. Compared with 41 

ground and comminuted meat products, restructured products provide textural and 42 

sensory qualities similar to intact steaks and chops, thus enabling the conversion of 43 

less-preferable parts of meat, such as pork loins, to high-value products (Lonergan et 44 

al. 2019). As meat pieces do not bind to each other before cooking, restructured 45 

products are typically handled by preheating or freezing (Tangwatcharin et al. 2019). 46 

However, these handling processes generate large amounts of drip, which 47 

subsequently results in a tough texture and poor eating quality after reheating or 48 

thawing (Parvin et al., 2020). Moisture enhancement is a commonly applied meat 49 

processing technique that ensures juiciness and tenderness in the final meat 50 

products. As brine or pickle solutions are injected into the meat for moisture 51 

enhancement, this technique effectively improves the texture and flavor of the 52 

products. Although moisture enhancement can compensate for moisture loss in 53 

restructured products during handling and cooking, it interferes with the binding of 54 

meat pieces and causes significant physical damage to meat tissues when the 55 

products are frozen (Ji et al., 2019; Kim et al., 2020). 56 

Additional techniques to minimize moisture loss in restructured products are 57 

required to improve consumer preference, and high pressure (HP) can be a viable 58 

solution for restructured meat production. Although HP has been introduced as a 59 

nonthermal pasteurization technique, effective microbial inactivation in meat 60 
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requires excessive HP (>400 MPa), which leads to irreversible protein denaturation, 61 

meat discoloration, and oxidative deterioration, thereby restricting HP application in 62 

the meat industry (Bak et al., 2017; Nawawi et al., 2023; Sazonova et al., 2019). 63 

Alternately, moderate HP (100–300 MPa) is reportedly advantageous for meat 64 

quality as this technique not only improves water-holding capacity but also 65 

stabilizes meat color during preservation (Bak et al., 2017; Sazonova et al., 2019). 66 

Notably, HP has potential applications in binding meat pieces without thermal 67 

treatment. A previous study demonstrated that addition of carrageenan was 68 

necessary for effective meat binding under HP, with successful binding was 69 

obtained at 200 MPa (Hong et al., 2008). However, the effect of HP combined with 70 

binding agents on the quality of moisture-enhanced restructured pork (MERP) 71 

products has yet to be explored. 72 

Sous-vide is another technique that can produce tender and juicy meat 73 

products. Tangwatcharin et al. (2019) used sous-vide to restructure goat steak and 74 

reported that sous-vide cooked products exhibited better qualities than those cooked 75 

via conventional heating. Sous-vide cooking reduced moisture loss and improved 76 

the tenderness of meat products owing to the low processing temperature (Latoch et 77 

al. 2023), and these advantages might be particularly effective for moisture-enhanced 78 

meat products such as MERP. 79 

In addition to handling purposes, freezing restructured meat products is 80 

essential not only for the distribution of the products but also for preserving any 81 

unused portions after use. However, water increases the specific heat capacity of 82 

MERP products, significantly delaying the overall freezing process time. Thus, the 83 
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slow freezing process can lead to severe tissue damage, potentially reducing 84 

consumer preference. The use of HP and sous-vide cooking can minimize moisture 85 

loss during reheating after freezing, thereby enhancing overall consumer preference 86 

(Ji et al., 2019; Li, 2021). Nevertheless, the physicochemical changes that occur in 87 

frozen restructured meat products have been rarely studied. Therefore, this study 88 

investigated the effects of applicable unit operations, such as HP, heating methods, 89 

and freezing, on the quality characteristics of MERP. 90 

 91 

Materials and methods 92 

 93 

Materials and sample preparation 94 

A total of six pork loins (longissimus dorsi) were randomly purchased at 24 h 95 

post-mortem from a local market (Seoul, Korea). The visible fat and connective 96 

tissues were removed, and the lean meat (71.5% moisture content) was cut into 1 cm 97 

cubes. All cubes from the six loins were combined to ensure uniform sample 98 

preparation. The control group was formulated by 98% (w/w) meat cubes, 1% 99 

(w/w) NaCl, and 1% (w/w) κ-carrageenan. In contrast, the MERP samples were 100 

prepared with 60% (w/w) meat cubes, 1% (w/w) NaCl, 1% (w/w) κ-carrageenan, 101 

and 38% (v/w) distilled water, providing 10% moisture enhancement. After mixing 102 

the meat cubes and additives manually for 3 min, 200 g portions of the mixture were 103 

filled into fibrous casing (45 mm in diameter) and vacuum-sealed in high-density 104 

polyethylene bags. The MERP samples were divided into five treatment groups, as 105 

shown in Table 1. HP was applied using a laboratory-assembled device (2 L working 106 



 

8 
 

volume) as previously described (Kim et al., 2020) at the Biopolymer Research 107 

Center for Advanced Materials (Seoul, Korea). HP parameters were set to a 108 

compression speed of 25 MPa/s, a target pressure level of 200 MPa, and a holding 109 

time of 15 min at 4°C. For freezing treatments, a T-type thermocouple was inserted 110 

into the geometric center of a random sample, and samples were stored at −30°C for 111 

24 h. Effective freezing time was estimated as the time taken for the core temperature 112 

to reach −10°C from the onset of freezing, and the freezing rate was calculated by 113 

dividing the measured freezing time by the sample radius (2.5 cm). Two thermal 114 

treatments were applied for cooking MERP samples. For conventional cooking, 115 

samples were immersed in a 75°C water bath for 30 min, while sous-vide cooking 116 

was conducted in a 55°C water bath for 24 h. For frozen treatments (ME-PFS and 117 

ME-PSFS), sous-vide cooking was directly applied without thawing process. The 118 

cooked samples were then cooled in ice water for 1 h and kept at 4°C before quality 119 

analysis. The entire sample preparation was repeated three times with another batch 120 

of pork loins for experimental replications. 121 

 122 

Scanning electron microscopy 123 

The microstructure of the samples was observed using a scanning electron 124 

microscope (TM4000Plus, Hitachi High-Technologies Co., Tokyo, Japan). 125 

Approximately 2 mm slices were obtained from the junction points between meat 126 

cubes and freeze-dried at 0.1 Torr for 24 h using a freeze dryer (GP10, Ilshin BioBase 127 

Co., Dongducheon, Korea). Images of the dried samples were taken at a 128 

magnification of ×500 with an acceleration voltage of 15 kV. 129 
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 130 

Water-binding properties 131 

The weights of three samples from each treatment group were measured 132 

immediately after preparation and after cooking. Cooking loss of the samples was 133 

calculated as the percentage change in weight following cooking. The moisture 134 

content of the cooked samples was determined in triplicate based on the hot air 135 

drying method at 105°C. 136 

 137 

Binding strength 138 

The binding strength of the meat cubes was determined following the method 139 

described by Saavedra Isusi et al. (2023), with minor modifications. Each cooked 140 

sample was sliced to a 2-cm thickness, and six cylinders from each treatment were 141 

tested using a texture analyzer (CT-3, Brookfield Engineering Lab Inc., Middleboro, 142 

MA, USA) equipped with a cylindrical standard probe (50.8 mm in diameter; TA-143 

25/1000, Brookfield Engineering Lab Inc.). The analysis conditions were set to a 144 

trigger load of 0.05 N and a test speed of 1 mm/s. Stress and strain at failure were 145 

recorded, and Young’s modulus was calculated using the ratio of stress to strain. 146 

 147 

Texture profile analysis 148 

To measure textural properties, each cooked sample was sliced to a 1-cm 149 

thickness, and nine cylindrical samples were obtained from each treatment. Each 150 

sample was compressed twice using a texture analyzer (CT-3, Brookfield 151 

Engineering Lab Inc.) equipped with a probe (TA-25/1000, Brookfield Engineering 152 
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Lab Inc.). Primary textural properties, including hardness, cohesiveness, and 153 

springiness, were measured under the following conditions: trigger load of 0.05 N, 154 

test speed of 1 mm/s, and 70% compression of the initial height of the cylinder. 155 

 156 

Instrumental color 157 

From each treatment, four cylindrical slices with a thickness of 1 cm were 158 

obtained and kept at ambient temperature (~20°C) for 15 min. The color of each 159 

treatment was measured at the center of each cylinder using a color reader (CR-10, 160 

Konica Minolta Sensing, Tokyo, Japan) calibrated with a white standard board. The 161 

CIE L*, a*, and b* values were recorded as indicators of lightness, redness, and 162 

yellowness, respectively. 163 

 164 

Statistical analysis 165 

A completely randomized design was adopted to evaluate the main effect 166 

(moisture enhancement, HP, cooking method, and freezing). Data obtained from 167 

each experiment were averaged, and the mean and standard deviation (SD) were 168 

calculated from the averages of three entirely repeated experiments (n = 3). One-way 169 

analysis of variance was conducted using SPSS software (ver. 18, IBM Inc., Armonk, 170 

NY, USA), and Duncan’s multiple range test was performed as a post-hoc procedure 171 

when the main effect was statistically significant (p < 0.05). 172 

 173 

  174 
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Results and discussion 175 

 176 

Morphology and microstructure 177 

The morphology and microstructure of the samples are shown in Fig. 1. As 178 

hypothesized, HP played a crucial role in binding the meat pieces of the MERP 179 

product. Despite the addition of κ-carrageenan, the morphology of the 180 

unpressurized treatments (control and ME-C) showed a relatively uneven structure 181 

with visible cracks caused by separation of meat cubes, and particularly ME-C 182 

showed poor network structuring. The structural inconsistency of the ME-C 183 

treatment reflected that a cohesive network structuring among meat cubes was not 184 

achieved by thermal treatment alone. The addition of a small amount of κ-185 

carrageenan improved the gel strength of protein-based gels since it occupied void 186 

spaces in the protein gel network (Chen et al., 2024). However, due to 187 

thermodynamic incompatibility, the large amount of κ-carrageenan could interfere 188 

with crosslinking of proteins (Li et al., 2024), and the added κ-carrageenan in MERP 189 

products accumulated only on the surface of meat cubes, interfering protein–protein 190 

interactions at the junction of meat cubes during heating. In addition, the moisture 191 

enhancement caused a diluting effect of extracted myofibrillar proteins, and meat 192 

pieces in the ME-C treatment were easily separated by applied external force such as 193 

cutting and slicing. 194 

HP treatments (ME-PC and ME-PS) exhibited an intact muscle-like structure 195 

due to strong network structuring at the meat cube junctions. As previously 196 

reported, the addition of κ-carrageenan in meat products supported a continuous 197 
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thick fibrous network formation with meat proteins under HP (Hong et al., 2008), 198 

and the network structure was stabilized by subsequently applied thermal 199 

treatment, promoting crosslinking of meat proteins more intensely than HP. 200 

However, freezing (ME-PFS) manifested disintegration of the network structure, 201 

which was not observed when the MERP was cooked before freezing (ME-PSFS). 202 

The network retained a large amount of moisture due to the hydrophilic nature of 203 

carrageenan. Cooking caused a release of moisture from the network structure, 204 

resulting in a dense structural integrity of the network. However, freezing-mediated 205 

ice crystallization would account for the disintegration of the network structure 206 

(Wang et al., 2024), thereby showing the evidence of poor binding of meat cubes to 207 

ME-PFS treatment. Therefore, the current study demonstrated that HP played a 208 

critical role in binding meat cubes within MERP. However, freezing the HP-treated 209 

products without cooking could negatively affect the binding of meat cubes in 210 

restructured products. 211 

 212 

Binding strength 213 

Rheological parameters to estimate the binding strength at failure among meat 214 

cubes are given in Table 2. The stress of ME-C treatment was 1.23 kPa and 215 

significantly lower than 1.47 kPa of the control (p < 0.05). As previously shown, κ-216 

carrageenan alone could not act as a meat-binding agent unless HP was applied (Fig. 217 

1), and the addition of hydrocolloids reportedly interfered with protein–protein 218 

interactions (Yang and Xiang, 2022). Although the strain of ME-C did not differ from 219 

that of the control, variation in stress of the treatment led to a significantly lower 220 
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Young’s modulus than the control (p < 0.05). Since carrageenan could not contribute 221 

to the binding of meat cubes in ME-C treatment, the primary binding among meat 222 

cubes in this treatment would be achieved through crosslinking of meat proteins. 223 

However, diluting the extracted meat proteins by moisture enhancement accounted 224 

for the weak binding strength of ME-C treatment compared with the control. 225 

Alternately, HP was effective to bind meat cubes, and stress and strain of ME-226 

PC were greater than those of the control without moisture enhancement (p < 0.05). 227 

In particular, the ME-PC treatment showed the highest Young’s modulus among all 228 

treatments (p < 0.05), suggesting that HP followed by conventional cooking could 229 

bind meat particles effectively, allowing them to form a cohesive structure similar to 230 

a single muscle. As evident by the microstructure, HP promoted continuous network 231 

structure at the junction points of meat cubes, showing a higher binding strength of 232 

MERP than the control. Since cooking promoted an intermolecular hydrophobic 233 

interaction among meat proteins (Walayat et al., 2021), cooking could enhance the 234 

binding strength of meat cubes in MERP products. 235 

However, the impact of HP was not obviously observed when the MERP was 236 

cooked via sous-vide, and ME-PS exhibited a slight increase in strain alone 237 

compared with the control (p < 0.05). Moreover, the stress and Young’s modulus of 238 

the ME-PS treatment were lower than those of the ME-PC treatment (p < 0.05). The 239 

result could be explained by the fact that thermal unfolding and crosslinking of 240 

proteins were prerequisites for effective protein gel network formation, and low-241 

temperature sous-vide cooking (55°C) could not promote an intensive 242 

intermolecular crosslinking of meat proteins (Latoch et al., 2023). Nevertheless, HP 243 
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followed by sous-vide (ME-PS) led to better binding of meat cubes than that 244 

engendered by conventional cooking alone without HP (ME-C). 245 

Freezing lowered the binding properties of MERP products, and the ME-PFS 246 

treatment showed 0.96 kPa of the lowest stress among all treatments (p < 0.05). 247 

Additionally, the strain of this treatment was still higher than that of the control (p < 248 

0.05), resulting in the lowest Young’s modulus among all the tested treatments. The 249 

thermal stability of κ-carrageenan to form a gel network could be destabilized by 250 

freezing and thawing (McKee and Alvarado, 2004). Although sous-vide cooking 251 

before freezing (ME-PSFS) tended to increase binding strength compared with the 252 

ME-PFS treatment, the binding impact among meat cubes was not yet recovered to 253 

the level observed in the unfreezing treatments. Although a fibrous network was 254 

formed at the junction points of the meat cubes, results indicated that the ice crystals 255 

formed during freezing negatively affected the network structure, lowering the 256 

binding strength of the MERP products. To prevent changes in the binding strength 257 

of frozen MERP products, further exploration and optimization of processing 258 

parameters, such as pressure levels, heat treatment conditions, and alternative 259 

binding agents, is warranted. 260 

 261 

Water-binding properties 262 

As shown in Fig. 2A, the cooking loss of all the treatments ranged from 20.5% to 263 

29.9%, which was significantly higher than 11.8% of the control (p < 0.05). MERP 264 

was formulated with 83% final moisture compared with 73% of the control, 265 

accounting for the larger cooking loss of MERP treatments. Among the treatments, 266 
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HP exhibited an advantage of reducing the cooking loss of sample, and HP-treated 267 

MERP (ME-PC and ME-PS) exhibited significantly lower cooking loss than 268 

unpressurized ME-C–treated MERP (p < 0.05). For heating method, sous-vide-269 

treated ME-PS exhibited better stability of moisture retention during thermal 270 

processing than conventionally cooked ME-PC treatment (p < 0.05). Moderate HP 271 

improved the water-holding capacity of meat because noncovalent interactions, 272 

destabilized by HP, were replaced by protein–water interactions (Sazonova et al., 273 

2019; Ye et al., 2024). Additionally, a transverse contract of muscle fiber in low-274 

temperature sous-vide expanded interfibrillar space, accommodating more moisture 275 

within the myofibrillar space (Lotoch et al., 2023). These results suggest that HP 276 

followed by sous-vide was an effective procedure for moisture retention in MERP 277 

and exhibited a similar trend in the final moisture content of the product (Fig. 2B). 278 

Moisture enhancement caused significant moisture loss compared with the control, 279 

and the moisture content of ME-C treatment did not show a significant difference 280 

from the control. However, compared with the control, HP treatments (ME-PC and 281 

ME-PS) exhibited a significantly higher moisture content (p < 0.05). Therefore, the 282 

result reflected that moisture enhancement could improve the tenderness of the 283 

MERP products, positively contributing to consumer preference. 284 

Moreover, freezing compensated for the impact of HP and sous-vide on the 285 

moisture retention of the MERP. The cooking loss treatment of ME-PFS was 24.5%, 286 

which was significantly greater than that of ME-PS (p < 0.05). The result indicated 287 

that the addition of a large amount of moisture affected the freezing rate of the 288 

product, likely leading to severe tissue damage (Li, 2021). The moisture content of 289 
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ME-PFS was significantly higher than that of the control (p < 0.05), and sous-vide 290 

could be adopted for effective thawing and cooking frozen MERP products 291 

compared with conventional heating methods. Alternatively, heating and reheating 292 

via sous-vide (ME-PSFS) resulted in high cooking losses in the samples. Although 293 

sous-vide cooking could accelerate the freezing rate from 0.42 cm/h (freezing 294 

without cooking) to 0.57 cm/h (Fig. 3), it was not effective in preventing moisture 295 

loss during heating and reheating, resulting in the highest cooking loss along with 296 

the ME-C treatment among the treatments. Conversely, the moisture content of the 297 

ME-PSFS treatment did not show any significant difference from that of the control, 298 

despite freezing and two cycles of heating. This finding would suggest that sous-299 

vide reheating could be a potential solution to overcome the drawbacks of drip loss 300 

and increased toughness typically observed in frozen meat products. 301 

 302 

Texture profile analysis 303 

Table 3 compares the primary textural properties of MERP processed by various 304 

methods with those of the control. Moisture enhancement (ME-C) decreased the 305 

hardness and cohesiveness of MERP compared with the control (p < 0.05). The result 306 

was commonly observed in meat products formulated with a large amount of added 307 

moisture, possibly due to the partial replacement of protein–protein interactions into 308 

protein–water interactions, imparting a ductile texture to the products. Moreover, 309 

HP steeply increased the hardness and cohesiveness of MERP. Although the 310 

springiness of the ME-PC treatment was not different from that of the control, the 311 

treatment exhibited higher hardness and cohesiveness than the control (p < 0.05), 312 
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and particularly, ME-PC exhibited the highest hardness among all the treatments (p 313 

< 0.05). This result was consistent with those of previous studies, and reportedly, HP 314 

affected not only thermal stability of connective tissue but also the volume of 315 

myofibrils (Akhtar and Abrha, 2022). 316 

However, sous-vide manifested the tender texture of the MEPR product. 317 

Although the cohesiveness and springiness of the ME-PS treatment did not differ 318 

from those of the ME-PC, the ME-PS treatment showed the lowest hardness among 319 

all the treatments (p < 0.05). The tenderness of meat depended on the structural 320 

changes of muscle fibers and connective tissue. In addition to the solubilization of 321 

connective tissue proteins, sous-vide reportedly contracts muscle fibers transversely 322 

compared with longitudinal shrinkage during conventional cooking, resulting in 323 

better water retention and a tender texture of meat (Latoch et al., 2023). The results 324 

were consistent with those of previous reports and indicated that sous-vide was an 325 

effective cooking method for preventing toughness in restructured meat products, 326 

which are generally manufactured by combining lean meat. 327 

Compared with ME-PS treatment, freezing did not affect the springiness of the 328 

MERP products. However, freezing treatments (ME-PSF and ME-PSFS) exhibited 329 

higher hardness and lower cohesiveness than ME-PS treatment (p < 0.05). Drip 330 

generation would explain the tough texture of meat caused by freezing treatment, 331 

which was commonly reported in frozen meat products (Li, 2021). In addition, the 332 

added moisture remained primarily at the junctions between meat cubes in MERP 333 

rather than penetrating within the meat cubes. As mentioned in the microstructure, 334 

the added moisture could form large ice crystals, which weakened the binding 335 
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strength among the meat cubes, likely leading to a decrease in the cohesiveness of 336 

meat cubes following freezing treatments. Conversely, the freezing treatments 337 

exhibited lower hardness than the control (p < 0.05) without differences in 338 

cohesiveness and springiness. Thus, freezing treatments suggest that MERP can 339 

prevent quality deterioration better than normal restructured products, through 340 

cooking, freezing, and reheating. 341 

 342 

Instrumental color 343 

The eventual color characteristics of all the treatments are compared in Table 4. 344 

The color parameters of the ME-P treatment did not differ from those of the control, 345 

whereas ME-PC showed significantly lower a* and b* values than the control (p < 346 

0.05). The difference would reflect the level of processing that affected meat 347 

discoloration (Suman et al., 2016). Pressurized meat exhibited a lighter appearance, 348 

which was explained by myoglobin denaturation. Myofibrillar protein denaturation 349 

caused by HP changed the light reflectance of the meat surface, causing 350 

discoloration (Akhtar and Abrha, 2022). Even with the application of cooking at the 351 

same thermal intensity, ME-PC treatment resulted in greater myoglobin 352 

denaturation than ME-C, leading to a different color than that of the control. 353 

Moreover, sous-vide-cooked meat exhibited a brighter and redder color than 354 

conventionally cooked meat (Latoch et al., 2023). Although a bright red color is 355 

generally preferred by consumers when purchasing meat, a pink color after cooking 356 

is considered undesirable, as it may be perceived as undercooked and unsafe 357 

(Suman et al., 2016). Herein, the a* and b* values of ME-PS were not different with 358 
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those of ME-PC, although sous-vide cooking caused greater lightness among all the 359 

treatments (p < 0.05). The former identical a* and b* values could be explained by 360 

the processing level as mentioned in ME-PC, whereas the latter light appearance 361 

would result from the moisture retention of sous-vide treatments. For the color of 362 

freezing treatments, ME-PFS exhibited higher a* values than ME-PSFS treatment. 363 

However, the color characteristics of frozen MERP showed little change even after 364 

freezing and subsequent heating. These results suggest that HP effectively controlled 365 

the persistence of redness that could potentially occur with sous-vide cooking, 366 

suggesting that it was unlikely to negatively affect consumer preference for MERP 367 

consumption. 368 

 369 

Conclusion 370 

 371 

Based on results, HP combined with the addition of κ-carrageenan was effective 372 

to bind meat cubes even in moisture-enhanced meat products formulating low salt 373 

content, and it was possible that freezing of MERP was not necessary for handling of 374 

the products without preheating. Cooking could enhance the binding of meat cubes 375 

in MERP, and sous-vide provided various advantages of moisture retention and 376 

tender textural properties of MERP. Freezing manifested quality deteriorations 377 

compared with the corresponding unfreezing treatment. However, the MERP 378 

formulated in this study showed the possibility of effectively controlling quality 379 

deterioration caused by freezing and reheating compared with conventional 380 

products. Although further research for improving the quality characteristics and 381 
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consumer preference of MERP were warranted, this study demonstrated that the 382 

combination of unit operations including moisture enhancement, HP, and sous-vide 383 

cooking has the potential to positively impact consumer preference for restructured 384 

meat products. 385 
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Figure captions 465 

 466 

Fig. 1. Morphology and microstructure of moisture enhanced restructured pork. 467 

ME, 10% moisture enhanced; C, conventional cooking at 75°C for 30 min; P, 468 

pressurization at 200 MPa for 15 min under 4°C; S, sous-vide cooking at 55°C for 24 469 

h; F, freezing at –30°C for 24 h. The scale bars indicate 50 μm. 470 

 471 

Fig. 2. Water binding properties of moisture enhanced restructured pork. (A) 472 

Cooking loss, and (B) moisture content. ME, 10% moisture enhanced; C, 473 

conventional cooking at 75°C for 30 min; P, pressurization at 200 MPa for 15 min 474 

under 4°C; S, sous-vide cooking at 55°C for 24 h; F, freezing at –30°C for 24 h. 475 

Vertical bars indicate standard deviations (n=3). Means with different letters are 476 

significantly different (p<0.05). 477 

 478 

Fig. 3. Freezing profiles of moisture enhanced restructured pork with and without 479 

sous-vide cooking. The vF indicates the freezing rate of sample. 480 

 481 
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Table 1. Manufacturing procedure of restructured pork and description of treatments 

Treatments1) 

Manufacturing procedure 

Moisture 
enhancement 

High pressure Heating Freezing Post heating 

Control N/A2) N/A Conventional N/A N/A 

ME-C Enhanced N/A Conventional N/A N/A 

ME-PC Enhanced Pressurized Conventional N/A N/A 

ME-PS Enhanced Pressurized Sous-vide N/A N/A 

ME-PFS Enhanced Pressurized N/A Frozen Sous-vide 

ME-PSFS Enhanced Pressurized Sous-vide Frozen Sous-vide 

1) ME, 10% moisture enhanced; C, conventional cooking at 75°C for 30 min; P, 

pressurization at 200 MPa for 15 min under 4°C; S, sous-vide cooking at 55°C for 24 h; F, 

freezing at −30°C for 24 h. 

2) Not applied. 
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Table 2. Binding strength of moisture-enhanced restructured pork 

Results are presented as mean ± SD (n = 3). 

1) ME, 10% moisture enhanced; C, conventional cooking at 75°C for 30 min; P, 

pressurization at 200 MPa for 15 min under 4°C; S, sous-vide cooking at 55°C for 24 h; F, 

freezing at −30°C for 24 h. 

a–d Different superscript letters within a column indicate a significant difference (p < 

0.05). 

 

Treatments1) Stress (kPa) Strain 
Young’s modulus 

(kPa) 

Control 1.47 ± 0.08b 0.74 ± 0.05b 1.99 ± 0.21ab 

ME-C 1.23 ± 0.10c 0.80 ± 0.09ab 1.53 ± 0.19c 

ME-PC 1.83 ± 0.11a 0.84 ± 0.05a 2.20 ± 0.23a 

ME-PS 1.49 ± 0.06b 0.87 ± 0.06a 1.74 ± 0.28bc 

ME-PFS 0.96 ± 0.12d 0.87 ± 0.04a 1.17 ± 0.27d 

ME-PSFS 1.01 ± 0.12d 0.72 ± 0.02b 1.41 ± 0.19cd 
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Table 3. Primary texture profiles of moisture-enhanced restructured pork 

Results are presented as mean ± SD (n = 3). 

1) ME, 10% moisture enhanced; C, conventional cooking at 75°C for 30 min; P, 

pressurization at 200 MPa for 15 min under 4°C; S, sous-vide cooking at 55°C for 24 h; F, 

freezing at −30°C for 24 h. 

a–d Different superscript letters within a column indicate a significant difference (p < 

0.05). 

 

Treatments1) Hardness (N) Cohesiveness Springiness (mm) 

Control 463 ± 34.3b 0.45 ± 0.02b 0.66 ± 0.02b 

ME-C 393 ± 31.0c 0.41 ± 0.03d 0.61 ± 0.06b 

ME-PC 547 ± 24.0a 0.55 ± 0.04a 0.68 ± 0.04ab 

ME-PS 224 ± 22.3e 0.53 ± 0.02a 0.75 ± 0.07a 

ME-PFS 306 ± 37.4d 0.42 ± 0.03bc 0.67 ± 0.01ab 

ME-PSFS 319 ± 35.2d 0.41 ± 0.01d 0.68 ± 0.04ab 
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Table 4. Instrumental color parameters of moisture-enhanced restructured pork 

Results are presented as mean ± SD (n = 3). 

1) ME, 10% moisture enhanced; C, conventional cooking at 75°C for 30 min; P, 

pressurization at 200 MPa for 15 min under 4°C; S, sous-vide cooking at 55°C for 24 h; F, 

freezing at −30°C for 24 h. 

a–c Different superscript letters within a column indicate a significant difference (p < 

0.05). 

 

Treatments1) CIE L* CIE a* CIE b* 

Control 67.3 ± 2.65c 6.60 ± 0.50a 14.1 ± 1.56ab 

ME-C 69.4 ± 2.36bc 6.05 ± 0.83a 14.5 ± 1.01a 

ME-PC 69.2 ± 2.45bc 4.58 ± 0.53b 12.6 ± 0.74b 

ME-PS 72.8 ± 0.90a 4.80 ± 0.16b 14.1 ± 0.20ab 

ME-PFS 68.6 ± 0.97bc 5.92 ± 0.55a 13.4 ± 0.85ab 

ME-PSFS 71.1 ± 0.79ab 4.92 ± 0.46b 13.4 ± 0.17ab 
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Fig. 1. Morphology and microstructure of moisture-enhanced restructured pork. ME, 

10% moisture enhanced; C, conventional cooking at 75°C for 30 min; P, pressurization 

at 200 MPa for 15 min under 4°C; S, sous-vide cooking at 55°C for 24 h; F, freezing at 

−30°C for 24 h. Scale bars = 50 μm. 

 



 

30 
 

 

 

Fig. 2. Water-binding properties of moisture-enhanced restructured pork. (A) 

Cooking loss. (B) Moisture content. ME, 10% moisture enhanced; C, conventional 

cooking at 75°C for 30 min; P, pressurization at 200 MPa for 15 min under 4°C; S, sous-

vide cooking at 55°C for 24 h; F, freezing at −30°C for 24 h. Vertical bars indicate 

standard deviations (n = 3). Means with different letters are significantly different (p < 

0.05). 
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Fig. 3. Freezing profiles of moisture-enhanced restructured pork with and without 

sous-vide cooking. vF indicates the freezing rate of the sample. 

 

 


