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Marination is a common technology in meat processing with advantages of enhancing tenderness, water retention, and overall quality. This study was conducted to investigate the effect of vacuum tumbling and immersion marination on meat quality, microstructure, water mobility, protein changes, and denaturation of Xueshan chicken. Results showed that vacuum tumbling significantly increased the marinating rate of chicken, tenderness, meat texture, and water retention. Meanwhile, vacuum tumbling decreased total sulfhydryl content alongside an increased protein surface hydrophobicity and free sulfhydryl content, indicating that vacuum tumbling elevated the degree of protein denaturation. Further, the peak area corresponding to the relaxation time T22 after vacuum tumbling was significantly higher than that of immersion marination, suggesting that the stability of the immobilized water of chicken was reduced by vacuum tumbling. Compared to immersion marination, vacuum tumbling improved myofibril fragmentation index (MFI) presenting fewer myofibrillar protein bands in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and more damaged muscular cells. Overall, vacuum tumbling could improve the marination absorptivity, protein degradation, and denaturation, resulting in changes in myofibril structure and meat quality of Xueshan chicken.
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Introduction

Chicken is a healthy food option that is high in protein and low in fat. It has gained increasing consumer preference due to its delicate texture and high unsaturated fatty acid content (1, 2). Inferior meat attributes are usually occurred in fast-growing broiler with pale-soft-exudative conditions, white striping, and woody breast, resulting in high water loss and low yield during processing (3, 4). Slowing-growing (SG) genotype of broiler has been perceived to have better meat quality and flavor characteristics in comparison to fast-growing broiler (5, 6). Xueshan chicken is a SG chicken crossbred by Tibetan chicken and Chahua chicken. It is a major local yellow-feathered breed for meat resource in China and shares a market value of 7.69 billion ¥ in 2020 (7). In recent years, people have become increasingly demanding of high-quality meat products. Correspondingly, the meat industry has become focused on improving quality and nutritional value of poultry meat products.

Marination has been known as an important step in meat processing. It is often used to tenderize, increase water retention, and improve overall meat quality (8, 9). Immersion marination is a traditional method of marinating and refers to the soaking of meat into marinades which are comprised of water, salts, phosphate, flavoring, and other ingredients. The immersion marination is slow and uneven in salt penetration, which affects the quality of the product. In order to make marination more efficient, a series of meat marination technologies have been developed, including muti-needle injection, ultrasound-assisted marination, massaging, tumbling, or vacuum tumbling (9–11). Tumbling is a well-known physical-mechanical treatment method, and it can rupture muscular cell membranes for marinade easily penetrated and shorten the marination time (12). A vacuum tumbler is usually utilized in the tumbling process to promote marinade penetration, leading to the more efficient entry of the marinade into the meat. Vacuum processing can not only expand the muscle fiber by different internal and external pressures, but also discharge of occluded gases of meat (13). The vacuum and mechanical movements of tumbling exhibit synergistic effects of dispersing liquids from the meat pores and extracting meat proteins to the surface. At the end of the vacuum tumbling of meat products, the atmospheric pressure would compress the residual gas in the pores and favor the infiltration of exogenous solution through the pores of meat (14). Thus, vacuum tumbling can promote the relaxation of muscle fiber structures, and make the distribution of the marinade in the meat more uniform and finally improve the quality of meat products (15, 16).

Protein denaturation generally occurs during meat processing, which has a great influence on the color and texture characteristics of meat (17). The denaturation of myofibrillar proteins may expose the internal sulfhydryl groups of protein to be oxidized to disulfide bonds, resulting in an increase in protein surface hydrophobicity and decreased protein solubility (18, 19). This affects the texture and the state of water of meat products, and these qualities play a decisive role in overall quality (20). Proteins undergo complex biochemical changes including protein degradation during the processing process which may also account for changes in the color, texture, and water retention capacity of the meat (21).

Vacuum tumbling marination has been achieved as a common technology in chicken meat processing. Previous studies were mainly focused on the various marinade ingredients and formulations (22, 23), processing variables such as carcass chilling (24), sub-sampling (25), and deboning time (26), and tumbler machine operating parameters (27) on quality attributes of chicken meat product. The swell of myofibrils and solubilization of myofibrillar proteins are thought to be responsible for the quality changes by vacuum tumbling (8) while no evidence has been found in chicken meat processing. To our knowledge, little information is available on the effect of vacuum tumbling on changes in protein degradation and denaturation, the microstructure of muscle cells and mobility of water, which were accounting for quality attributes of chicken. Thus, the aim of this study was to investigate the effect of vacuum tumbling on the quality characteristics, water holding capacity, and protein changes of Xueshan chicken compared with immersion marination, to explore the relationship between protein denaturation and quality characteristics.



Materials and methods


Sample preparation

The chilled Xueshan chicken (3-month-old, weight of 1.20 ± 0.05 kg) was purchased from Lihua livestock Co. Ltd. (Changzhou, Jiangsu, China) and was thawed at 4°C for 24 h. The marinade was prepared according to the weight of the chicken, and the volume ratio of liquid to meat was 1:1. The marinade ingredients included pepper juice (0.05%, w/w), spiced juice (0.08%, w/w), ethyl maltol (0.04%, w/w), sodium glutamate (0.15%, w/w), sand ginger powder (0.2%, w/w), sodium chloride (6.41%, w/w), and sodium tripolyphosphate (0.42%, w/w). The pepper juice and spiced juice were purchased from Tieling Hongyuan Food Co. Ltd. (Liaoning, China). There were 30 whole chicken carcasses which were randomly allocated into tumbling marination treatment and immersion marination treatment (15 chickens per treatment) and performed three batches (five chickens per batch) using a vacuum tumbler (ESK125, Vakona Gmbh Co., Ltd., Lienen, Germany). The parameters of tumbling marination were set from our trial tests considering the marinating absorptivity and sensory evaluation of Xueshan chicken. The marination time was set for 10 h at a speed of seven revolutions per min. The vacuum was set for −0.06 MPa, in a cycle of 20 min on and 10 min off at 4°C. The chicken by immersion marinating was immersed in the marinade for 15 h at 4°C, which was performed by the manufacturer’s recommendation from Lihua livestock Co. Ltd. After completion of marinating treatments, chicken breasts were obtained for quality determination and protein measurements.



Determination of marinating absorptivity and pH

The marination absorptivity was measured according to the method of Peiretti et al. (28). The weight of chicken breast before marination was recorded as m1 and the weight of marinated chicken breast was recorded as m2. The marination absorptivity was calculated as the percentage of difference of m2 and m1 over m1. The pH of the sample was measured using a portable pH meter (FE20K; Mettler Toledo, Zurich, Switzerland). The probe was inserted into the chicken breast, and each sample was measured at four different points and averaged.



Meat quality measurements

The color attributes including L*, a*, and b* values on the chicken breast surface were measured by a colorimeter (CR-400; Konica Minolta, Tokyo, Japan). The press loss and cooking loss were measured according to the method of Kauffman et al. (29) and Xia et al. (30), respectively, and expressed as the percentage of weight difference over the initial weight. The shear force was measured by the method described by Chen et al. (31). After the determination of cooking loss, the sample was cut along the direction of the muscle fiber, and the meat slices were cut with a C-LM3B digital display tenderness meter (Northeast Agricultural University, Haerbin, China). The texture profile analysis was conducted using a texture analyzer (TA-XT Plus, Stable Micro System, Surrey, UK) according to Malila et al. (32) with slight modifications. The cooked chicken breast was cooled and cut into 1 × 1 × 1 cm3 pieces along the direction of the muscle fibers. The texture profiles including hardness, springiness, cohesiveness, chewiness, and resilience were analyzed by Texture Expert Exceed 2.64a.



Nuclear magnetic resonance transverse relaxation (T2) analysis

The water distribution and proportion in the chicken breast meat samples were determined using a micro nuclear magnetic resonance (NMR) instrument (Meso MR23, Niumag Electric Corporation, Shanghai, China) by the method of Kang et al. (33) with some modifications. The meat sample was cut into a 1 cm diameter with a length of 2 cm along the direction of the muscle fiber and placed in a glass magnetic resonance tube with a diameter of 1 cm. The spin-selective relaxation time (T2) was measured using the Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence, and the instrument temperature was stable at 32°C. The measurement parameters were set as follows: TR = 4,500 ms, SW = 100 KHz, NECH = 4,000, NS = 32, τ = 200 μs, and the obtained attenuation curve was inverted by Multi-Exp Inv analysis software. Statistical analysis was performed on the proportion of moisture content, and each test was repeated three times.



Analysis of microstructure

The microstructures of chicken breast were examined by the scanning electron microscopy (GeminiSEM 300, Carl Zeiss, Oberkochen, Germany). The marinated sample was cut into 2 cm × 0.5 cm × 0.5 cm pieces vertical to the muscle fiber direction and fixed in 2.5% glutaraldehyde dissolved in 0.1 M phosphate buffer (pH 7.2) overnight at 4°C. The specimens were washed twice with 0.1 M phosphate buffer (pH 7.2) and each for 15 min. The samples were dehydrated with a gradient of 30%, 50%, 70%, 80%, 90%, 95%, 100% (two times), 100% (with anhydrous sodium sulfate) ethanol, each for 15 min. The specimens were dried with a critical point dryer (CPD-300, Leica, Heerbrugg, Switzerland) and coated with gold (SCD 500, BAL-TEC, Vienna, Austria).



Determination of myofibrillar protein solubility

Meat sample (2 g) was homogenized three times with 40 ml of 0.1 M ice-cold potassium phosphate buffer (pH 7.2, 1.1 M potassium iodide) to extract total protein. The samples were then placed on a shaker and extracted at 4°C for 12 h. The samples were then centrifuged (1,500 g, 20 min) at 4°C and the BCA protein assay kit (Thermo Scientific, Rockford, USA) was used to determine the concentration of supernatant protein. Sarcoplasmic protein solubility was measured by 0.025 M ice-cold potassium phosphate buffer (pH 7.2), and performed the same extraction and BCA measurement protocol. The myofibrillar protein solubility was expressed as the difference between total protein solubility and sarcoplasmic protein solubility.



Preparation of myofibrillar protein

The extraction of myofibrillar protein was carried out according to Park and Xiong (34) with slight modifications. The chopped meat (10 g) was mixed with 4 vol of separation buffer (10 mM phosphate buffer, 2 mM MgCl2, 0.1 M NaCl, and 1 mM EGTA, pH 7.0), homogenized for 30 s and centrifuged (4°C, 2,000 × g, 15 min). The supernatant was discarded and the pellet was washed two more times with 4 vol of the separation buffer. The pellet was then washed three times with 4 vol of 0.1 M NaCl. The supernatant was discarded and the myofibrillar protein was obtained to detect protein concentration by Biuret protein assay. Then, the myofibrillar protein was stored at 4°C for use within 24 h.



Determination of protein surface hydrophobicity

The myofibrillar protein was dissolved in 20 mM phosphate buffer (containing 0.01 M K2HPO4, pH 7.0) and diluted to a concentration of 1.5 mg/ml. The 20 μl of 8 mM 8-Anilino-1-naphthalene sulfonic acid (ANS) was added to 2 ml of the diluted solution and incubated at room temperature for 10 min. The fluorescence intensity of the protein was determined at an excitation wavelength of 380 nm and an emission wavelength of 490 nm. ANS was not added to the blank. The different protein concentrations were taken as the abscissa and the corresponding fluorescence intensity was plotted as the ordinate. The surface hydrophobicity of protein was represented by the slope of the regression fit curve, and the initial slope was called S0ANS.



Determination of protein sulfhydryl content

Protein sulfhydryl content was determined by the method described by Fu et al. (35), with minor modifications. The 1 ml of 2 mg/ml myofibrillar protein solution was mixed with 9 ml of 50 mM PBS (0.01 M EDTA, 0.6 M KCl, 8 M urea, 0.02 M phosphate buffer, pH 7.0) and 0.4 ml of 10 mM 5,5′-dithiobis (2-nitrobenzoic acid) DTNB. The mixture was incubated at 40°C for 25 min. The absorbance of the sample was measured at 412 nm with a molar extinction coefficient of 13,600 M–1 cm–1. The free sulfhydryl content was determined by incubation at 4°C for 1 h in a urea-free reaction mixture. Protein sulfhydryl content was expressed in nmol/mg protein.



Determination of myofibril fragmentation index

The myofibril fragmentation index (MFI) was determined according to the method of Culler et al. (36). The myofibrillar protein solution was adjusted to 0.5 mg/ml and its absorbance at 540 nm was measured using a microplate reader (Spectra Max M3; Molecular Devices, Sunnyvale, USA). The MFI was obtained by an absorbance value multiplying by 200.



Sodium dodecyl sulfate polyacrylamide gel electrophoresis

The concentration of myofibrillar protein was adjusted to 4 mg/ml and mixed with the loading buffer [10 mM Tris–HCl, 2.5% (m/v) SDS, 1% (v/v) β-mercaptoethanol, 10% glycerol (v/v), and 0.01% (m/v) bromophenol blue, pH 6.8] in an equal volume, followed by heating in a water bath at 95°C for 5 min. The separating gel was 10%. The initial electrophoresis voltage was 90 V, and after 30 min, the voltage was increased to 120 V for 60 min. After electrophoresis, the gel was stained with a staining buffer containing 45% methanol, 10% glacial acetic acid, and 0.1% (m/v) coomassie brilliant blue, and then de-stained with distilled water before scanning on a gel imager (GT-800F, Epson, Nagano, Japan).



Statistical analysis

All analytical tests were performed in triplicate. The data were statistically analyzed using SPSS 16.0 software and the results were expressed as mean ± standard error (SE). The t-test was used to compare two treatments, and the significant difference level was P < 0.05.




Results and discussion


Water holding capacity and pH

The water retention of chicken after marination is shown in Table 1. The marination absorptivity of the chicken breast marinated by vacuum tumbling was higher than that of immersion marinating (P < 0.01). It was previously reported that the addition of sodium tripolyphosphate promoted the dissociation of actomyosin to myosin in meat, which had a strong water retention capacity, thereby increasing the water retention of chicken (8, 37). The mechanical action of tumbling marination promoted relaxation of the muscle tissue, and the fascia tissue was partially destroyed, allowing the marinade to penetrate into the meat more quickly (9, 13). The widening of muscle fiber gaps allowed the chicken to maintain more water. A large amount of the marination liquid was absorbed by the chicken, which caused the cooking loss of the tumbling marinated chicken to be significantly higher than that of immersion marination (P < 0.05). However, with respect to press loss, there was no significant difference between immersion marination and vacuum tumbling (P > 0.05), indicating a comparable effect of water holding capacity in chicken meat after two marination treatments. The pH value has a great influence on the quality of the meat. Compared to immersion marination, tumbling marination significantly increased the pH value of chicken breast (P < 0.05) possibly due to the higher absorptivity of marinade, which contained alkaline tripolyphosphate (38, 39). During the marination process, sodium chloride and sodium tripolyphosphate in the marinade diffused into the muscle tissue due to osmotic pressure, resulting in an increase in the pH of the chicken breast.


TABLE 1    Effect of vacuum tumbling and immersion marinating on chicken meat quality attributes.
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Color

Color is an important sensory quality of meat. The effect of marination methods on the color of chicken breast meat is shown in Table 1. The L* of the chicken meat marinated by vacuum tumbling was higher (P < 0.01) than after immersion marination. The L* is related to the water retention of the meat. An increase in the L* by vacuum tumbling was due to the fact that muscle cells absorb a large amount of water during the marination process, which changes the reflection characteristics of the meat, resulting in a higher L* of marinated chicken (40).

Vacuum tumbling group showed a significantly lower a* value and higher b* value than that of the immersion margination group (Table 1, P < 0.01). During the vacuum tumbling process, the mechanical effect of the tumbling treatment may disrupt the muscle fibers, resulting in the change in myoglobin content in muscle cell (41). Moreover, the myoglobin in the chicken might be oxidized to oxygenated myoglobin, and the long-term vacuum tumbling marination caused the oxygenated myoglobin further oxidized to form brown metmyoglobin, leading to a decrease in the observed a* value. In addition, as the tumbling time increased, the residual blood in the meat gradually flowed out, which also caused a* of chicken breast meat to decrease. The b* of tumbling marinated chicken breast was shown to be significantly higher than that of the immersion treatment in the current study, which may be caused by protein denaturation during the rolling process (40).



Texture and tenderness of chicken breast

Texture and tenderness are important indicators for evaluating meat quality and have a great influence on the taste of meat. The tenderness of meat is usually expressed by shear force. As presented in Table 1, hardness and chewiness of the chicken prepared by vacuum tumbling were lower than after immersion marination (P < 0.01). Consistently, the shear force of tumble-marinated chicken breast was lower than immersion marination (P < 0.01). The mechanical effect of vacuum tumbling treatment may disrupt the muscle fibers and cause the muscle tissue to be loosen, thereby promoting the diffusion of the marinade into the muscle tissue. In addition, under vacuum conditions, the muscle fibers swelled due to the difference between internal and external pressure, which increased the gap between the muscle fibers and promoted the structural relaxation of the muscle fibers (13). It was shown that the cohesiveness of meat was related to the integrity of muscle fiber structure and greater cohesiveness indicated less damaged muscle fiber. The cohesiveness of chicken marinated by vacuum tumbling was significantly lower than after immersion marination (P < 0.01), which indicated more damage to muscle fibers by vacuum tumbling. Moreover, mechanical effects and vacuum may cause the release of endogenous proteases such as cathepsins and calpains in meat, thereby further increasing the tenderness of chicken (42, 43). As a result, chicken marinated by vacuum tumbling had significantly higher tenderness compared to immersion marination.



NNR transverse relaxation (T2)

Nuclear magnetic resonance transverse relaxation can reflect the mobility of water in food matrix (44). As shown in Figure 1, four water groups were observed and included T20 (0–0.1 ms), T21 (1–10 ms), T22 (10–100 ms), and T23 (100–1,000 ms). T20 and T21 represented water that was tightly bound to macromolecules, where T20 was strongly bound water and T21 was weakly bound water. T22 indicated the immobilized water inside the organized protein structure, and T23 was referred to as the free water outside the myofibril.


[image: image]

FIGURE 1
Effects of vacuum tumbling and immersion marinations on the T2 relaxation time (ms) of prepared chicken breast.


As shown in Table 2, no significant difference was found in the peak time of T20 between immersion and vacuum tumbling marination (P > 0.05). However, vacuum tumbling marination significantly decreased the combined water peak area ratio of P20 and P21 (P < 0.05), which may be related to the change in protein spatial structure. Compared with immersion marination, the vacuum tumbling marination significantly increased the relaxation time of T21, T22, and T23, and the peak area of T22 (P < 0.05). It was suggested that vacuum tumbling marination significantly increased the immobilized water content of the chicken. This may be due to the mechanical effect of vacuum tumbling, which led to the increase in muscle fiber gap and more water absorption inside muscular cells, thereby raising the content of the immobilized water. The vacuum tumbling group had a higher T22 value than the immersion group. The vacuum tumbling marination treatment might destroy the intact structure of the muscle fiber and reduce the stability of the immobilized water. In addition, vacuum tumbling marination was able to absorb much-marinating liquid and then increased moisture content and water mobility (33).


TABLE 2    Effect of vacuum tumbling and immersion marination on water mobility and distribution of chicken breast.
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Protein properties

The MFI is inversely related to the integrity of the internal structure of myofibrils and affects the tenderness of the meat (45). As seen in Table 3, the MFI value of the chicken marinated by vacuum tumbling significantly increased (P < 0.05) compared to immersion marination. During the vacuum tumbling process, the mechanical effects caused the breakage of muscle fiber and improved tenderness, which was consistent with the shear force measurement (Table 1).


TABLE 3    Effect of vacuum tumbling and immersion marination on protein properties.

[image: Table 3]

The surface hydrophobicity of the protein reflects the relative content of hydrophobic residues on the surface of the protein molecule and is related to protein functional properties (46, 47). The greater surface hydrophobicity of myofibrillar proteins indicated more exposed the hydrophobic residues inside the protein molecules. As shown in Table 3, the protein surface hydrophobicity of the chicken marinated by vacuum tumbling was significantly higher than that by immersion marination (P < 0.05). Protein denaturation can lead to the exposure of hydrophobic groups inside the protein (19, 48). It was implied that vacuum tumbling caused denaturation of myofibrillar proteins, leading to the exposure of hydrophobic residues inside the protein, which increased the surface hydrophobicity of the protein.

The total sulfhydryl content of the vacuum tumbling marination group was lower than immersion marination (P < 0.05). The continuously physico-mechanical action (e.g., friction and beating) of tumbling marination as well as the catalysis of metal ions in the chamber wall of a tumbling machine were considered as important factors for the oxidation of meat proteins. Free sulfhydryl groups are closely related to the distribution and content of sulfhydryl groups on the surface of proteins. As shown in Table 3, the free sulfhydryl content of the vacuum tumbling marination group was higher than immersion marnation group (P < 0.05), indicating that vacuum tumbling marination increased the degree of protein denaturation. It was shown that the free sulfhydryl content of protein was positively correlated with surface hydrophobicity (49). Vacuum tumbling marination was speculated to denature meat proteins, causing structural changes, and exposing hydrophobic groups which were embedded inside the protein. Moreover, the change of protein spatial structures led to the exposure of sulfhydryl groups, increasing the content of free sulfhydryl groups, and this change of free sulfhydryl content was consistent with the surface hydrophobicity.

The solubility of proteins is closely related to their functional properties, reflecting some extent the degree of denaturation of proteins. The effect of two marination methods on protein solubility is shown in Table 3. The total protein solubility of the vacuum tumbling group was lower (P < 0.05) than that of immersion group. Vacuum tumbling had a greater effect on the solubility of total protein, indicating more denaturation of chicken protein compared to immersion marination. During the vacuum tumbling marination process, salt and sodium tripolyphosphate can promote the dissolution of salt-soluble proteins, resulting in a decrease in the solubility of myofibrillar proteins. Further, the vacuum conditions and the mechanical effects of tumbling accelerated the dissolution of salt-soluble proteins, which may also result in a significantly lower myofibrillar solubility in the vacuum tumbling group.



Microstructure

As it was shown in Figure 2, the muscular cells in the immersion group were closely arranged, and the gap between muscle fibers was small, indicating that the degree of damage to the muscle fibers by immersion was limited. However, the muscular cells in vacuum tumbling marination group was seen to be severely damaged and the muscle bundle membrane was broken to disrupt the integrity of muscle fibers. Moreover, the gap between the muscle fibers was visibly larger by vacuum tumbling marination, compared to immersion marination. This indicates that vacuum tumbling destroyed the structure of the muscle fibers, increased the gap of the muscle fibers, and loosened the structure of the muscle fibers, thereby attributing to the tenderness promotion and also the protein denaturation of chicken meat by vacuum tumbling (50).


[image: image]

FIGURE 2
Effects of vacuum tumbling (A) and immersion marinations (B) on the microstructure of chicken.




SDS-PAGE

The effect of marination on the myofibrillar protein bands is shown in Figure 3. Compared with immersion marination, the intensity of the protein bands at the Band 1 (95–130 kDa, e.g., C-protein or α-actinin) and Band 2 (36–55 kDa, e.g., tropomyosin or troponin-T) in the vacuum tumbling marination group significantly reduced, among which Band 2 was less detectable. The difference in the relative intensity of the myofibrillar protein bands maybe due to denaturation of the protein during vacuum tumbling marination, resulting in protein fragmentation. Combined with the results of total sulfhydryl content and surface hydrophobicity in the current study, it appears that vacuum tumbling promotes protein degradation and increases the degree of protein denaturation, finally affecting the quality attributes of marinated chicken meat.
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FIGURE 3
Representative image of SDS-PAGE gels of myofibrillar proteins in chicken breast by marinating treatment. The chicken breasts treated with immersion and vacuum tumbling marinating were denoted as A and B, respectively.





Conclusion

The study explored the effects of vacuum tumbling and immersion marination on the overall quality, microstructure, water mobility, protein changes, and denaturation of Xueshan chicken. Overall, the vacuum tumbling had more damaged muscle fiber and higher marination absorption rate than that of immersion marination, resulting in desired meat tenderness, water retention, and texture characteristics of chicken. Accordingly, vacuum tumbling significantly decreased the total sulfhydryl content and protein solubility, and increased the surface hydrophobicity and free sulfhydryl content compared to immersion marination. These results demonstrated that vacuum tumbling significantly increased the degree of protein denaturation and potentially improved the quality of marinated chicken.
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